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ABSTRACT 

The effects of vane/blade ratio and spacing on the noise characteristics of a high-speed fan were in- 
vestigated experimentally and analytically. The experimental investigation was carried out on a 
50.8 cm- (20 in.-)diameter scale model fan stage in an anechoic chamber with an inflow turbulence con- 
trol screen installed. The forty-four blade rotor was tested with forty-eight vane and eighty-six vane 
stator rows, over a range of axial rotor-stator spacings from 0.5 to 2.3 rotor tip chords. A two- 
dimensional strip theory model of rotor-stator interaction noise was employed to predict the measured 
tone power level trends, and good overall agreement with measured trends was obtained. 
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SUMMARY 


An experimental and analytical investigation of the effects of vane/blade numbe ratio and axial 
spacing on the noise characteristics of a high-speed fan stage was carried out. The experimental mea- 
surements were conducted on a 50.8 cm- (20 in.-) diameter fan stage having a design tip speed of 
427 m/s (1400 ft/sec). The tests were carried out in the General Electric Corporate Research and 
Development anechoic chamber fan noise facility. The objective of these experiments was to quantify 
the effects of rotor-to-stator axial spacing for a typical “cut-off” fan design and a typical “cut-on” fan 
design. The cut-off fan design is typical of current technology fan designs used in modern high bypass 
ratio engines, where the vane number is approximately twice the blade number so that the fundamental 
blade passing frequency tone produced by rotor-stator interaction is nonpropagating for subsonic tip 
speeds. The cut-on fan design has approximately the same number of vanes as blades, producing a 
propagating blade passing frequency tone due to rotor-stator interaction at subsonic tip speed. By em- 
ploying fewer vanes but maintaining approximately the same stator cascade solidity, the vane perfor- 
mance may be improved due to the lower resulting aspect ratio. Further, there may be a potential 
weight and manufacturing cost benefit. 

A forty-four blade rotor designed by NASA (designated "Rotor 11”), with a forty-eight vane stator 
and an eighty-six vane stator set was tested. Rotor-to-stator axial spacings of 0.5, 1.27 and 2.3 rotor tip 
chords were tested for the forty-eight vane stator configuration, and axial spacings of 0.5, 0.9,, 1.27 and 
2.3 chords were tested for the eighty-six vane configuration. Forward radiated noise measurements 
were made with microphones placed on a 5.18 m- (17 ft-) radius arc every 10° from 0° (fan centerline) 
to 110°. Inlet duct wall-mounted pressure transducers, an aft duct traversing sound probe, and a blade- 
mounted transducer were employed to provide diagnostic and corroborative information to support and 
supplement the far field measurements. 

An inflow turbulence control screen, essentially a hemispherical honeycomb dome assembly, was in- 
stalled over the fan inlet, along with a specially contoured “reverse cone” inlet bellmouth, to remove 
and/or attenuate ingested inflow disturbances due to atmospheric and chamber generated turbulence, 
vortices, and distortions. The objective of this screcn-bellmouth device was to reduce the inflow 
disturbance-rotor interaction noise sources to a level well below the rotor-stator interaction levels, so 
that changes in spacing and vane number could be detected and evaluated. The fan was tested over a 
range of speeds from 54% to 100% of design end at two throttle settings corresponding to a medium 
and a high loading level. 

Theoretical predictions of rotor-stator interaction tone noise were carried out for ail the 
configurations tested experimentally. An existing General Electric Aircraft Engine Group computer 
program was used for this purpose, this program having been previously developed under Independent 
Research and Development Program funds. This computer program predicts the forward and aft radiat- 
ed tone sound power level spectrum resulting from rotor-stator potential field interaction and rotor- 
wake-stator interaction. The computer program model employs a streamline-by-streamline analysis of 
the fan stage annulus from hub-to-tip accounting for spanwise variations in flow and geometric parame- 
ters on the unsteady blade and vane forces and acoustic source strengths. 

The experimental results obtained from this program showed that the fan inlet blade passing tones, 
when they are cut on, exhibit a definite decrease in level with increasing rotor-stator spacing. The rate 
of decrease was found to be small for the fundamental tone (n «■ 1), and became larger with increasing 
harmonic number (n — 2, 3, etc.). Beyond a spacing of approximately 1.5 chords, the tone levels did 
not change appreciably, probably due to contamination from residual inflow distortion turbulence-rotor 
interaction noise and/or the proximity of the broadband noise floor. No perceptible difference between 
forty-eight vane and eighty-six vane harmonic falloff rates was observed in the far field tone levels. 

Aft duct probe sound level measurements were analyzed to obtain relative estimates of the effects of 
rotor-stater spacing on aft radiated tone levels. The results were in substantial agreement with the 
trends observed for the forward radiated far field tones. One interesting trend observed is that the tone 
fall off rate with increasing spacing is somewhat greater than that of the forward radiated tones, espe- 
cially at the higher speeds and higher fan operating line. 
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Comparisons were made between the theoretical model predictio is of tone PWL versus spacing 
trends and measured trends. On the whole, agreement between expe riment and prediction was quite 
good, with the exception that the leveling off of tone PWL beyond a spacing of approximately 
1.5 chords was not predicted by the model. This deficiency in the predicted trends was attributed to an 
inadequate modeling of the wake merging process at large axial spacings and to the neglect of the resid- 
ual inflow turbulence and distortion-rotor interaction noise generation in the predictions. 

Conclusions from this study indicated that the fan tone directivity patterns ate highly lobular, with 
lobe widths that are rather narrow, such that microphones placed at 10° intervals are insufficient to ac- 
curately define the field shapes. A traversing microphone arrangement that provides a continuous polar 
trace is recommended in any future experimental evaluations. 

The vane/blade ratio has a significant effect on the shape of the fan rotor-stator noise harmonic 
spectrum. High vane/blade ratios (approximately two) tend to produce harmonic peaks at the second 
or third harmonic of blade passage frequency, whereas low vane/blade ratios (approximately one) tend 
to produce peaks at the first or second harmonic. Rotor-stator axial spacing also affects the harmonic 
spectrum shape. As spacing is increased, the tone levels fall off at a rate that increases with increasing 
harmonic number. 

As speed is increased from typical low-speed approach power settings to high speeds such that the 
fan tip Mach number goes from subsonic to supersonic values, the effect of spacing and vane/blade ra- 
tio diminishes such that very little effect is noticeable in the forward arc at supersonic tip speeds. The 
aft duct noise, however, still exhibits the previously described dependency on vane/blade ratio and 
spacing at supersonic tip speeds. Conclusions from this effort showed that the forward radiated fan 
tone noise becomes dominated by the rotor-alone field at supersonic tip speeds, whereas the aft radiated 
noise is still controlled by rotor-stator interaction. 
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Section 1 


INTRODUCTION 


Current high bypass fans used in commercial jet engines have, in the recent past, been designed 
with rotor blades and stator vane numbers such that they do not produce acoustic energy in propagating 
spinning modes at the fundamental blade passing frequency for sybsonic tip speeds. As a second pre- 
caution, rather wide separations of the rotcr and stator are used to reduce the level of the harmonics of 
the blade passing frequency, which in the usual case do propagate to the far field. With the ever- 
increasing cost of fuel, engine manufacturers are being forced to reduce the rotor-stator spacing to raise 
fan efficiency and to reduce engine weight. The acoustic penalties, particularly the possibility of in- 
creased levels of the higher harmonic of blade passing frequency, must then be carefully evaluated. An 
accurate, theoretically based fan noise prediction scheme that has been calibrated against a set of high- 
quality experimental data is required to make these evaluations. Such a combination of data and theory 
has not appeared in the literature, apparently due to the lack of fan noise data that parametrically varies 
rotor-stator spacing and is free of the excess noise generated by inlet turbulence and distortion interac- 
tion with the fan rotor. One such data set from an anechoic wind tunnel along with rotor wake data has 
appeared in References 14-16 but a comparison with analysis was not included. The objective of this 
program was to provide uncontaminated data set and an analytical prediction. Preliminary results ap- 
peared in Reference 18. 

The experiments were conducted at the General Electric Corporate Research and Development 
anechoic chamber in Schenectady, New York. This anechoic chamber facility has demonstrated the ca- 
pability to produce fan noise data substantially free from excess noise caused by rotor-turbulence in- 
teraction. Both inlet flow contouring and a turbulence reduction structure are used to achieve this end. 
The test vehicle used in this investigation was a 0.504 m- (20 in.-) diameter fan model. A test matrix 
with a large range of tip speeds (from subsonic to supersonic) was investigated. Two stator sets were 
investigated in combination with a forty-four blade rotor; a cut-off set with eighty-six vanes and a cut- 
on set with forty-eight vanes. For the eighty-six vane set, four rotor-stator spacings were tested and for 
the forty-eight vane set, three spacings were tested. With both stator sets, the range of spacing was 
from 0.5 to 2.3 rotor chords. Twelve microphones were used to measure the far field sound radiation 
from 0 9 to 110 9 to the inlet centerline. The in-duct aft radiated fan noise sound level was measured 
with a traversing sound probe. 

A computational procedure for carrying out a streamline-by-streamline analysis of rotor-stator in- 
teraction noise has been developed at GE AEBG under Independent Research and Development Pro- 
gram funds. This procedure is designed to utilize the fan stage axisymmetric flow field streamline aero- 
dynamic design analysis results as input. The model includes not only viscous wake interaction noise, 
but also the potential field (blade pressure field due to loading) interactions of both the rotor and stator 
upon each other. Compressibility effects are included in both viscous wake and potential field interac- 
tion sources, although the potential field interaction source model is only valid for subsonic relative 
Mach numbers. This analysis procedure was used to predict the rotor-stator interaction tone sound 
power levels for all of the rotor-stator configurations tested in this program, and comparisons of predict- 
ed versus measured trends were carried out. 
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Section 2 


DESCRIPTION OF FACILITY AND INSTRUMENTATION 


A schematic diagram of the facility is shown in Figure 1. The anechoic chamber was designed to 
simulate a free field acoustic arena and provide adequate aerodynamic operation. It is approximately 
10.7 m (35 ft) wide by 7.6 m (25 ft) tong by 3.1 m (10 ft) high as measured from the tips of the foam 
wedges. A free field acoustic environment was achieved by covering walls, ceiling, and floor with an ar- 
ray of 0.7 m (28 in.) long polyurethane foam wedges, which provide less than ± l dB standing wave ra- 
tio at 200 Hz. 

To achieve the lowest possible amount of inlet distortion and turbulence, the sidewalls, ceiling and 
floor of the anechoic chamber are porous. This porous box arrangement is achieved by a manifolding 
system whereby air flow is distributed from a filter house through 15.2 cm (6 in.) deep U-shaped chan- 
nels surrounding the chamber. The array of foam wedges is secured to the channels so that the air flow 
enters the chamber by passing through small openings between the wedges. It has been demonstrated 
in a prior program ( 1 1 that such an aspirating chamber arrangement reduces in-flow distortion to the 
fan. 

To further reduce inlet distortion, a flared reverse cone inlet, as shown in Figure 2, is used. The re- 
verse cone inlet acts as a shroud covering all of the “upstream’' hardware associated with the inlet and 
other test instrumentation. This hardware has. in the past, been identified as a major sour* of inlet 
distortion [1]. Along with the addition of the reverse cone inlet, great care was taken to aerodynamical- 
ly dean up the chamber and remove all objects that protrude into the inlet flow field and, therefore, 
possibly generate flow distortions and turbulence. To further eliminate flow distortions and turbulence 
that reside in the boundary layer, the reverse cone inlet is equipped with an internal suction surface, as 
shown in Figure 3. 




Figure 1, Schematic of General Electric Schenectady Anechoic Chamber Facility. 


2-1 
















CIIDOrtDT DIO 


t 


♦ 

i 


HONEYCOMB (2") 



Figure 3. Assembly Sketch of Reverse Cone Inlet and Turbulence Control Structure 
(TCS). 


The test configuration also employs a turbulence control structure (TCS) to condition the inlet flow 
and is shown in Figures 3, 4 and 5. The TCS used for this program is very similar in size and shape to 
that used in the earlier work of Shaw et al. (2] and Woodward et al. [31. The major difference is that in 
this current design, the inner fine screen is displaced 5.08 cm (2 in.) downstream of the trailing edge of 
the honeycomb. This screen placement was based on the work of Morel [4] who found that in con- 
tracting flows, the separation between the honeycomb and the screen was very beneficial in reducing 
the axial turbulence intensity. This TCS was designed and fabricated by General Electric’s Aircraft En- 
gine Business Group as part of a General Electric-sponsored program. The TCS is nearly hemispherical 
in shape — 2.10 m (82.5 in.) at its largest diameter, 1.31 m (51.38 in.) long, and is of a two-layer con- 
struction. The first or outermost layer consists of aluminum honeycomb plus a support screen under 
the honeycomb, as shown in Figure 4. The honeycomb is 5.08 cm (2 in.) thick with irregular shaped 
cells measuring approximately 0.95 cm (3/8 in.) in width with a wall thickness of 0.063 mm 
(0.0025 in.). The second inner layer is a fine mesh (20 by 20) of 0.356 mm- (0.014 in.-) diameter 
wire. As can be seen in Figure 5, the TCS is divided into twelve sectors with 10.8 cm (4.25 in.) deep 
ribbing. The ribs are 0.318 cm (0.125 in.) thick and the screens are welded to the ribs. The complete 
structure was built and installed in such a way, see Figure 5, as to minimize the wakes from the support 
structure and, therefore, offer minimal flow distortion and self-generated turbulence. 

The acoustic measurements were made in the anechoic chamber using an array of twelve 0.635 cm 
(0.25 in.) microphones. The microphones were located every 10°, from 0® (fan centerline) to 110® at 
an arc radius of 5.2 m (17 ft), as measured from the center of the inlet, one rotor diameter upstream 
from the rotor face (see Figure 1). The microphones were calibrated by a piston-phone prior to each 
run. Atmospheric absorption is accounted for via the Society of Automotive Engineers Specification 
Number ARP866. No other acoustic corrections were applied to this data. 

Data acquisition is controlled by a series i >nicomputer that obtains the acoustic signals from a real- 
time, one-third octave band analyzer and samples the temperatures and pressure signals. By the use of 
a scanning multichannel amplifier, each microphone signal is sequentially analyzed and the signal level 
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Figure 4. Fabrication Detail of Turbulence Control Structure. 


of each one-third octave band (100 Hz to 80 kHz) stored on magnetic tape. For operational monitor- 
ing, a three-dimensional plot of the one-third octave band analysis of the SPL of each microphone is 
displayed on an oscilloscope as the microphone array is sampled. For backup, and when longer averag- 
ing times are necessary, the acoustic signals are recorded simultaneously on a tape recorder. After all 
the signals have been accumulated, the computet corrects the data for nonuniform response of the mi- 
crophones and can correct for any known nonfree field effects of the arena. Using these corrected 
values of the sound pressure level, the computer then calculates the overall average sound pressure lev- 
els for each microphone, the one-third octave band acoustic power levels, and the overall acoustic 
power level. The raw and calculated data are then stored on magnetic tape. 

While the computer is processing the acoustic data, simultaneous measurement and calculation of all 
pertinent parameters for determination of the fan flow conditions and ambient conditions are also car- 
ried out and recorded on magnetic tape. As all the pertinent data exists on one magnetic tape, the 
acoustic information is readily normalized by the computer immediately following the test. 

In addition to the far field microphone array for measuring forward radiated noise, a probe was in- 
stalled in the duct downstream of the fan stators to measure aft radiated sound levels. The probe was 
originally designed to separate hydrodynamic turbulent fluctuations from random sound pressure fluc- 
tuations when the source is broadband in nature, as described in (5). The probe is illustrated in Fig- 
ure 6 and contains two miniature pressure transducers as shown. For the present tests, sound-flow 
separation techniques were not employed, since the tone levels were of primary interest and the acous- 
tic signal dominates at the fan tone frequencies. The probe is traversable in the radial direction and 
probe sound level measurements from both sensors (designated K2 and K4) were recorded at two radi- 
al immersion depths for all speeds and throttle settings of all seven fan configurations tested. 

Two inlet duct wall-mounted miniature pressure sensors were also installed in front of the fan rotor. 
One was located at the juncture of the inlet lip and the duct wall (K5), and the other was located just 
upstream of the fan rotor (K6). Figure 6 shows the relative locations of these sensors. 
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Figure 5. Reverse Cone Inlet with Turbulence Control Structure Installed. 
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Section 3 

DESCRIPTION OF FAN CONFIGURATIONS 


Ths fan stage used in this investigation utilizes a forty-four blade transonic rotor with a 0.504 m- 
(20 in.-) tip diameter, designated as NASA Rotor 11. The rotor flow path and blade design is given in 
[61 and some of the important fan design parameters are given in Table 1. 


Table 1 

TEST FAN STAGE DESIGN CHARACTERISTICS 


Rotor Inlet Tip Diameter 

Pressure Ratio 

Rotor Blade Number 

Stator Vane Number 

Vane/ Blade Ratio 

Inlet Guide Vanes 

Rotor Inlet Hub/Tip Radius Ratio 

Rotor-Stator Tip Spacing 

Rotor Rotative Speed 

Rotor Tip Speed 

Rotor Tip Inlet Relative Mach Number 
Rotor Chord (Midspan) 

Stator Chord (Midspan) 

Rotor Aspect Ratio 
Stator Aspect Ratio 
Rotor Tip Solidity 
Stator Tip Solidity 
Corrected Inlet Weight Flow 
Adiabatic Efficiency 


0.504 m (19.84 in.) 

1.574 

44 

86 

1.95 

None 

0.50 

1.27 Rotor Chords 
16100 rpm 

424.9 m/sec. (1394 ft. /sec.) 
1.394 

4.62 cm (1.817 in.) 

2.55 cm (1.005 in.) 

2.5 
2.3 
1.298 
1.433 

29.5 Kg/sec. (65 lbs./sec.) 
85.5% (80.9% Measured) 


Two sets of stators or outlet guide vanes (OGV’s) were tested with Rotor 1 1 at various axial spac- 
ings downstream of the rotor trailing edge. An eighty-six vane stator row, previously tested in [1] at a 
nominal rotor-stator axial spacing of 1.27 tip rotor chord lengths, was tested in the present investigation 
at 0.5, 0.9, 1.27, and 2.3 chord spacings. The 0.9 chord spacing configuration, although not part of the 
original contract effort, was built and tested as part of a GE Aircraft Engine Group internal research 
and development program and the results from that investigation are included herein for completeness. 
A forty-eight vane stator row, originally designed for the Rotor 11 stage at 0.5 chord axial spacing 
in [61, was tested in the present investigation at rotor-stator spacing-to-chord ratios of 0.5, 1.27, and 
2.3. 

The vane/blade ratio combination eighty-six/forty-four represents a typical high bypass ratio cut-off 
fan design configuration where the rotor-stator interaction tone noise at blade passing frequency is 
designed to be nonpropagating (according to classical spinning mode duct theory) at subsonic tip 
speeds. The vane/blade ratio combination forty-eight/forty-four represents a cut-on design currently 
being studied for advanced energy efficient engine designs. Cross-sectional sketches of the various fan 
rotor-stator combinations tested are shown in Figures 7 and 8. Pitchline (50% span) solidities for the 
forty-eight vane and eighty-six vane stator assemblies were 1.57 and 1.78, respectively. 
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Section 4 


AERODYNAMIC PERFORMANCE 


Aerodynamic measurements were taken to determine the effects of the various stator configurations 
on the fan stage performance. The instrumentation included four total pressure, total temperature 
rakes with five radial stations each, located downstream of the rotor and a 0.56 m- (22 in.-) diameter 
orifice located in the fan discharge piping for flow measurements. With this information, plus the 
chamber static pressure (the inlet was assumed to be loss-free), the fan performance map was establish- 
ed for various configurations (see Figure 9). Very little change in aerodynamic performance was seen 
in going from the smallest to largest spacing for the eighty-six vane set, as shown in Figure 9. 


O (S/CfOtip = 0.5 
A (S/Cft)ttp = 2.3 



Figure 9. Fan Stage Performance Map for 86-Vane/Rotor 11 Configuration. 
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Section 5 


INFLOW CONTROL CONFIGURATION SELECTION 


Selection of the proper combination of inlet “cl^anup , ’ elements was the first task at hand. The pri- 
mary question to resolve was determining if the inlet duct should be a smooth, rigid wall, or if it should 
contain a feitmetal surface to provide boundary layer suction as shown in Figure 3. To determine this, 
the eighty-six vane (cut-off) stator design was investigated at the 1.27 spacing-to-chord ratio. As this is 
a cut-off rotor-stator design below 74% # speed, its blade passing frequency noise characteristic is a good 
indicator of the amount of inlet turbulence and distortion being ingested by the fan. Figure 10 illus- 
trates the comparison between the hardwall (smooth, rigid duct) case and the feitmetal suction surface 
bleed duct (see [1]) at a suction flow rate of 5% of the fan flow. There are several items to note here. 
First, the hardwall case exhibits a clear cut-on of the blade passing frequency (BPF) noise: secondly, 
the presence of suction causes reduction of BPF level that is substantial for the cut-on speed conditions. 
This reduction of BPF at cut-on fan speeds could be caused by the feitmetal liner acting as a short sec- 
tion of acoustic treatment. To better understand this observation, the SPL spectra at various far field 
angles were examined as shown in Figure 1 1. Here the reductions are seen to be wide band in nature, 
indicating a treatment-like effect. It also should be noted that the hardwall data shows only slight evi- 
dence of any BPF tone content. In view of the adequate performance of the hardwall inlet and the 
complication of the effects of the feitmetal liner with suction, the hardwall inlet was used as the inlet 
configuration for the rest of the test program. 


• s 60* 

• ROTOR - 44 BLADES 

• STATOR - 66 VANES 


* S a DIST. FROM ROTOR T.E. 

TO STATOR L.E. 

Cr a ROTOR TIP CHORD 


• S/Cr = 1.27* 



Figure 10. Cut-On of Blade Passing Frequency Noise with and without Inlet Duct Bound- 
ary Layer Suction, Open Throttle Operating Line. 
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Figure 11. Effect of Inlet Duct Boundary Layer Suction oi 
1/3-Octave SPL Spectrum in Vicinity of Blade 
Passing Frequency, Open Throttle Operating 
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FAR FIELD ACOUSTIC TEST RESULTS 


6.1 One-Third Octave Measurements 

The various fan configurations were run over a range of fan speeds from 54% to 100% of design 
speed, at two throttle settings corresponding to the open throttle and closed throttle operating lines 
shown in Figure 9. The closed throttle operating line is representative of a typical high bypass ratio tur- 
bofan operating line at sea level static (test stand) operation. The open throttle operating line is typical 
of an in-flight operating line of a turbofan engine (at low fan speeds) simulating landing approach con- 
ditions. 

The measured trends of the inlet arc one-third octave sound power level (PWL) versus fan speed 
for the band containing the blade passing frequency (BPF) tone are presented in Figures 12 and 13. 


(a) OPEN THROTTLE OPERATING LINE 







PERCENT CORRECTED FAN SPEED 


Figure 13. Effect of Rotcr/S » tor Spacing on BPF Tone 1/3- 
Octave PW'L vs. ■ fleed Characteristics for the 
48-Vane Conlig at ;.ii«>ns. 

Figures 12a and 12b show the BPF PWL versus speed trends for the eighty-six vane contiguration for 
open and closed throttle operating lines, respective b . Ti e corresponding forty-eight vane configuration 
trends are shown in Figures 13a and 13b. 

As mentioned earlier, the eighty-six vane stator d:u> exhibits cut on above 76% corrected speed. 
For this rotor-stator set, cut on occurs very near t.hv otor tip relative sonic velocity point, as can be 
seen in Figure 12. 

At the supersonic speeds, the rotor-alone noise dominates, and the BPF noise emission is practically 
independent of rotor-stator spacing. At the subsonic :ctor speeds, there is some variation of the BPF 
tone. This could be due to three sources: (1) ingested turbulence or inflow distortion, (2) slight 
misalignment of the inlet hardware causing a protrusion into the how, or (3) a nonuniformity of either 
the rotor or the stator blades. If this BPF tone were controlled by inlet turbulence or distortion ingest- 
ed from the anechoic chamber, then the tone level would be independent of the effects of stator 
configuration or test buildup. If it were oue to a slight rotcr-stator nonuniformity that causes a once 
per rev perturbation that can cause a cut-on spinning mode pattern, then the BPF level should reduce 
as spacing is increased. The effects of misalignment during inlet buildup would be random and as such 
should cause a BPF tone level that is random with respect to spacing. From the nature of the subsonic 
BPF tone levels, it appears that the rotor-stator nonuniformity and inlet buildup variances are the prin- 
cipal contributors to the residual BPF tones. 
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For the cut-on stator set (forty-eight vanes), the effect of reducing the rotor-stator spacing is io 
cause an increase in the BPF tone level (as seen in Figures 13a, 13b). Again as in the eighty-six vane 
results, at supersonic tip speeds, the noise is controlled by rotor-alone noise and is independent of spac- 
ing. It should be noted here that the individual microphone results should not be compared directly, 
and the power level (PWL) results are more appropriate for comparisons of the eighty-six and forty- 
eight vane results. This is due to the large differences in the vane numbers resulting in differences in 
spinning mode lobe numbers and their radiation patterns. For the forty-eight vane set, these subsonic 
BPF tones are expected, whereas for the eighty-six vane set, the subsonic BPF tones are anomalies. 

The inlet arc power level versus spacing trends for the first three harmonics of BPF are shown in 
Figures 14 and 15. At 54% speed, Figure 14, the second harmonic of the eighty-six vane configuration 
decreases gradually from a spacing-to-chord ratio of 0.5 to 2.3. The third harmonic, on the other hand, 
drops very rapidly from s/c R - 0.5 to s/c* » 1.27 and then levels out as s/c* goes to 2.3. Thus, the 
third harmonic tone level is much higher than the second harmonic tone level at the closest spacing, 
s/c* - 0.5. At 69% speed, Figure 15, the second and third harmonics are nearly the same level, except 
for the open throttle data at s/c* of 1.27 and larger. At 69% speed, the third harmonic trend has 
changed as now the level increases slightly in going from s/c* - 0.5 to s/c* = 0.9. 

The behavior of the forty-eight vane stator noise data is somewhat simpler, as seen in Figures 14 
and 15. The second harmonic of BPF is always the strongest (for s/c R * 0.5 and 1.27), with the BPF 
level only slightly lower, and the third harmonic the weakest. Increasing the pressure ratio (closing the 
throttle) generally causes an increase in the tone levels. 

The effect of rotor-stator spacing on the entire one-third octave PWL spectrum is shown in Fig- 
ure 16 for 54% fan speed. For the eighty-six vane configurations, spacing appears to have negligible 
effect on the spectrum for frequencies below the second harmonic of BPF. A small effect is observed 
at the 1 /3-octave band between 2X BPF and 3X BPF, which does not contain a tone, and the spectrum 
is observed to drop, dramatically as spacing is increased for 1/3-octave bands at 3X BPF and higher, 
which rnay contain a tone harmonic. For the forty-eight vane cases, the BPF levels drop appreciably 
from 0.5 to 1.27 chord spacing. The second harmonic band level is much more sensitive to spacing 
than the third harmonic band level, and just the opposite trend is observed for the eighty-six vane 
configurations. Also, the forty-eight vane levels do not appear to be appreciably affected by spacing at 
higher than 3X BPF frequencies, as opposed to the rather large sensitivity to spacing observed for the 
eighty-six vane configurations at high frequencies. The effect of spacing does not appear to be material- 
ly altered by the change in operating line at this speed. At the closest spacing, there is a marked 
difference in spectral rolloff rate between the forty-eight and eighty-six vane configurations above 
2X BPF. 

Although substantial changes in one-third octave band levels containing BPF harmonic tones can be 
observed in going from (s/c H ) up - 0.5 to (s/C/e) lip — 0.9 or 1.27, the trends between (s/c R ) Uv * 0.9 and 
2.3 are not very consistent or large. It is apparent that a clear understanding of the actual behavior of 
the noise characteristics as a function of spacing cannot be deduced from examination of one-third oc- 
tave band results alone. For most of the spectrum of interest, the frequencies are higher than 10 kHz, 
and the true distinction between tone and broadband level contributions is not easily extracted unless 
the tone dominates the 1/3-octave band. It can be speculated, for example, that the flattening out of 
the PWL versus spacing trends shown in Figures 14 through 16 between (s/c/?), jp - 1.0 and 2.3 is due 
to the bands containing the tones becoming more controlled by the broadband noise, which is not ma- 
terially affected by rotor-stator spacing. The remainder of the data presentation and analysis is, there- 
fore, focused on narrowband spectral characteristics. All of the one-third octave data for alt 
configurations is tabulated in the Comprehensive Data Report, Volume 2. 

6,2 Narrowband Spectra 

Far field microphone 20 Hz bandwidth narrowband spectra were generated and plotted for the exper- 
imental points taken. Spectra were generated at microphone angles of 30°, 40°, 50°, and 60° for eight 
(8) speeds at both operating lines and for each of the seven (7) configurations. This resulted in ap- 
proximately 450 narrowband spectral plots. In addition, the spectra at microphone angles of iVLta^O* ~ 
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Figure 14. 1 /3-Octave Tone PWL vs. Spacing Experimental Trends - 54% N K . 


and 70® to 110® were also generated for each configuration, but only at 54% speed and open throttle op- 
erating line. It would have been desirable to analyze the narrowband spectra at all angles for all speeds 
and for both operating lines, but the time and budget allowed did not permit so extensive an analysis 
(approximately 1350 spectra). In retrospect, as will be seen later, it probably would have been more 
fruitful to forego some of the high-speed narrowband spectral analysis in exchange for more complete 
(i.e., at all angles) spectral information at the lower speeds. 

Some typical examples of narrowband spectra are discussed in the following paragraphs. All of the 
spectra-generated cannot be presented in this report because of the large amount of space required to 
do so, but sufficient samples will be presented to show trends. The blade passage frequency harmonic 
tone levels have been scaled down from the narrowband spectrum plots and have been tabulated for all 
configurations, speeds, and angles. These tabulations, along with internal probe and wall sensor tone 
levels (to be discussed later), are presented in Appendix B. 

Narrowband (far field) spectrum comparison plots are presented in Figures 17 through 38. Each 
figure snows the measured spectrum at a given far field angle 0, for a given combination of speed (% 
H f ) and throttle setting (open or closed), at the closest (s/c„ - 0.5) and widest (s/c« - 2.3) axial 
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spacings. Table 2 lists the different parameters which were varied from figure to figure and the associat- 
ed figure numbers, for all of the narrowband spectra presented in this section. It should be noted again 
that these are only a small fraction of the total number of spectra-generated and that they represent ex- 
amples selected to illustrate certain observed features and trends. 

The narrow band spectra for the eighty-six vane configurations at s/c* - 0.5 and 2.3 are shown in 
Figures 17, 18, 19. and 20 for far field angles of 9 — 0®, 30®, 60® and 90°, respectively. This set of 
spectra is shown to illustrate how the effects of axial spacing are observed to vary around the arc from 
0® to 90®. It can be seen that there is a large drop in tone levels from the closest to the widest spacing, 
especially for the higher harmonic tones and that this reduction is observable at all angles shown. 

Another interesting observation from examining these figures (17-20) is that the spectra at the 
closest spacing show substantial “skirting” at the tone frequencies, i.e.. the tone is not a sharp spike, 
but exhibits a broad base, as if there exists modulation of the tone. Coincident with the “skirting,” 
there is observed to be shaft-multiple harmonic tones of relatively low level protruding above the 


Table 2 

LIST OF FAR FIELD NARROWBAND SPECTRUM COMPARISONS 
FOR CLOSEST (S/C R - 0.5 AND WIDEST (S/CR - 2.3) AXIAL SPACINGS 


N v 


%N P 

O/L 

Figure 

86 

0 

54 

OP 

17 

86 

30 

54 

OP 

18 

86 

60 

54 

OP 

19 

86 

90 

54 

OP 

20 

48 

0 

54 

OP 

21 

48 

30 

54 

OP 

22 

48 

60 

54 

OP 

23 

48 

90 

54 

OP 

24 

86 

30 

69 

OP 

25 

86 

60 

69 

OP 

26 

86 

30 

80 

OP 

27 

86 

60 

80 

OP 

28 

86 

30 

95 

OP 

29 

86 

30 

54 

CL 

30 

86 

60 

54 

CL 

31 

86 

30 

69 

CL 

32 

86 

60 

69 

CL 

33 

86 

30 

80 

CL 

34 

48 

30 

69 

OP 

35 

48 

60 

69 

OP 

36 

48 

30 

69 

CL 

37 

48 

60 

69 

CL 

38 
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Figure 16. Effect of Rotor/Sfator Spacing on 1/3 - Octave-Band PWL Spectrum - 54% 
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broadband level between the BPF harmonic tones. It is speculated that these shafi-harmonic tones are 
caused by irregularities in the rotor blading due to manufacturing differences from blade to blade 
and/or slight (but randomly distributed) differences in rotor wake profile from blade to blade. It is 
thought that the closest spacing is close enough for these irregularities to provide a modulation of the 
rotor potential field-stator interaction lone generation process, thus producing the multiple-shaft har- 
monic tones. Also, the blade-to-blade variations in rotor wake profiles probably decay rapidly with 
downstream distance and, therefore, do not contribute at larger spacings. Although not shown here, 
the spectra for the 0.9 spacing configuration also exhibit the multiple-shaft harmonic phenomenon. A 
final observation is that little change in the base broadband levels is observed in going from 0.5 to 2.3 
chord spacing. 
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The corresponding spectra for the forty-eight vane configurations are shown in Figures 21, 22, 23, 
and 24 for 9 - 0°, 30°, 60° and 90 e , respectively. In general, the tone levels for second harmonic 
(n = 2) of BPF, and higher, are observed to drop considerably with increased spacing at all angles, 
whereas the reductions in the fundamental tone (n = 1) are significant at 6 - 60° and 90°, with little 
change observed at 9 - 0® and 30®. The multiple-shaft harmonic tones are again observed for the 
closest spacing s/c« - 0.5. There appears to be a slight reduction in broadband noise due to increased 
spacing for the forty-eight vane configurations, and this reduction varies from 0 dB at frequencies below 
BPF to about 3-5 dB at 5.5X BPF, although not consistently from angle to angle. 

Narrowband spectra for the higher speeds of 69%, 80%, and 95% are shown in Figures 25 through 
29 for the eighty-six vane configurations on the open throttle operating line. Spectra at 30° and 60® are 
shown for 69% and 80% speed. At 69% speed (Figures 25 and 26), increasing spacing reduces the 3 
and 4X BPF harmonics, but has only a small effect on 1 and 2X BPF (IX BPF actually increases in Fig- 
ure 25). A similar effect is observed at 80% speed for 9 - 30®, but the effect of spacing is almost negli- 
gible at 9 = 60°. In fact, at 9 60®, the rotor-alone and multiple pure tone or "buzz saw" noise ap- 

pear to dominate the spectrum. At 95% speed. Figure 29, the rotor-alone and multiple pure tones 
dominate the spectrum even at 9 — 30®, as the rotor inlet relative Mach number is greater than unity 
over a significant portion of the fan rotor span. Thus, based on these results, rotor-stator spacing 
effects are not very strong at speeds where the rotor inlet relative Mach number exceeds unity for for- 
ward radiated noise. This is consistent with the one-third octave results presented in the previous sec- 
tion. 

The above narrowband results have all been for the open throttle operating line. Some examples of 
narrowband spectra for the closed throttle operating line are shown in Figures 30 through 34 for the 
eighty-six vane configurations. In general, the tone reductions due to increased spacing from 
s/c/} — 0.5 to 2.3 tend to be larger than those observed for the open throttle operating line cases and 
some appreciable reduction in BPF tone levels is observed (Figures 32 and 33). The change in broad- 
band level with spacing appears to be negligible at 54% speed (Figures 30 and 31), while the broadband 
noise actually increases by about 5 dB at 69% speed. 

Most of the narrowband spectra presented above have been for the eighty-six vane configurations, 
with the exception of the 54% speed, open throttle forty-eight vane spectra shown in Figures 21 
through 24. Figures 35 and 36 show narrowband spectra for the forty-eight vane set at 69% speed and 
open throttle setting. Appreciable reductions in all harmonics of BPF with increased spacing are ob- 
served for this speed, including the fundamental BPF tone. A sizable reduction in broadband noise is 
also observed on the order of 5-7 dB on the average. The corresponding closed throttle setting spectra 
are shown in Figures 37 and 38. Again, both tone and broadband noise are reduced as spacing is in- 
creased with the exception of the second harmonic (2X BPF) tone at 9 - 30® (Figure 37). 


6.3 Narrowband Tone Level Trends 

As discussed in the previous section, the SPL values of the blade passage frequency tones, and 
second and third harmonics, have been scaled from the narrowband spectra for all configurations at all 
speeds tested, and these tone levels have been tabulated in Appendix B. For the 54% and 63% speed 
points, the first five harmonics have been included. The tone SPL values are given for 9 - 30®, 40®, 
50®, and 60® at all speeds, and for 54% speed, the values at all twelve microphones (0 — 0 ° to 110°) 
have been tabulated. 

The 54% speed, open throttle points are the only conditions for which complete narrowband tone 
directivities have been obtained. 

Figure 39 shows narrowband directivity patterns for the eighty-six vane stage as a function of axial 
spacing ratio s/c#. Only second and third harmonic levels are shown, as the eighty-six vane/forty-four 
blade combination should give a cut-off blade passing tone (BPF) at subsonic tip speeds. Although 
there is qualitatively a general trend that the tone levels decrease with axial spacing, the trend at any 
one observer angle is significantly different from that at any other angle. 
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Figure 39. Narrowband Tone Directivity Patterns for 86-Vane Configurations; 54% N F and 
Open Throttle O/L. 



Figure 40 shows the measured narrowband directivity patterns for the forty-eight vane fan stage as a 
function of axial spacing ratio. The fundamental BPF tone is included since this is a cut-on fan design. 
Again, it is observed that although the general trend is for the tone levels to drop with spacing, the 
trend is inconsistent from angle to angle. 

It is believed that the scrambled picture given by Figures 39 and 40 is due in great measure to the 
highly lobular structure of the interaction tone directivity patterns and the difficulty associated with get- 
ting the peaks and valleys in precisely the same angular location relative to the microphones from run 
to run. The shifting of the directivity lobes is believed to be very sensitive to changes in speed and 
small differences in fan speed from point to point could conceivably produce significant changes in ob- 
served tone levels at a given microphone location. Cursory comparisons of narrowband spectra from 
this test with narrowband spectra taken on the E l scale model test program (forty-eight vanes, 
s/c* - 2.3) showed remarkably good agreement on broadband levels but tone levels differed by as 
much as 10 dB, although the general trends of harmonic spectra shape were similar. Also, the 
“sawtooth” shapes of the directivity patterns are indicative of a lobular pattern with an insufficient 
number of microphones to define them. 

The partial directivity patterns (30 *< 9 < 60 ^ for 54% speed and closed throttle setting are shown 
in Figure 41. The partial directivity patterns for 69% speed at open and closed throttle settings are 
given in Figures 42 and 43, respectively. In general, the results for the eighty-six vane BPF tones 
shown in Figures 41 through 43 indicate no really consistent effect of stator spacing, implying that the 
source of the BPF tone for the eighty-six vane, cut-off design is probably not due to rotor-stator in- 
teraction. For the 54% speed, closed throttle condition (Figure 41), even the second harmonic 
(2X BPF) tone does not appear to be materially affected by rotor-stator spacing. With only a few ex- 
ceptions, the previous observations made regarding the inconsistent variation in tone level versus spac- 
ing from angle to angle appear to persist at the higher closed throttle operating line and at the higher 
speed of 69% N F , probably for the same reasons speculated earlier. 

Tone power level calculations were carried out for the 54% speed, open throttle cases where nar- 
rowband spectra had been reduced at all microphone locations from 0° to 110°. In addition, a “partial 
power level" was defined, using only the 30° through 60° microphone levels, and this “partial power 
level, designated as PPWL (dB re: 10“ 13 watts), was also computed for all speeds and both operating 
lines. Trends of PWL and/or PPWL versus spacing ratio were compiled and are displayed in Figures 44 
through 48, corresponding to 54% through 80% speed, respectively. 

Figure 44 shows the tone PWL versus spacing trends for 54% speed. Both the total tone PWL 
(0 - 0°to 110°) and the partial tone PPWL (o - 30° to 60°) are displayed for the open throttle operat- 
ing line. The two representations illustrate the degree to which the partial power (PPWL) approximates 
the total power (PWL). For the eighty-six vane configurations, Figure 44a, it is observed that the two 
measures of power versus spacing agree closely for the first and third harmonics. The agreement is not 
as good for the second harmonic, however, because the sound pressure levels at angles less than 30® 
exceed the 30® to 60® levels by an appreciable amount, as shown in Figure 39. The discrepancy varies 
erratically with spacing, however, because the directivity pattern itself changes erratically with spacing. 

For the forty-eight vane configurations. Figure 44b, the PPWL versus spacing trends agree with the 
PWL versus seeing trends very well, and the trends appear to be more regular and monotonic than 
those for the eighty-six vane configurations. The apparent irregular trends ol the eighty-six vane data 
(Figure 44a) may, however, be due in part to the extra spacing data points at s/c«-0.9 which are not 
present in the forty -eight vane curves. 

It can be seen from all of the data shown in Figures 44 through 48 that the BPF tone for the eighty- 
six vane cases does not vary appreciably with rotor-stator spacing, at any of the speeds and throttle set- 
tings shown. Moreover, the forty-eight vane BPF tones appear to be appreciably higher than the 
eighty-six vane tones at the closest spacing and then approach the cighty-six vane levels asymptotically 
as spacing is increased. From these results it was again concluded that the source of the BPF tone is 
not rotor-stator related for the eighty-six vane configurations. This BPF tone source is, therefore, prob- 
ably rotor/inflow distortion or turbulence related and is present in both eighty-six vane and forty-eight 
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Figure 44(a). Tone PWL vs. Spacing Trends at 54% N F ; 86-Vane Configurations. 
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A typical BPF tone accel characteristic is shown in Figure 49. The tip speed Mach number is unity 
at approximately 80% speed while the rotor inlet relative Mach number is unity at about 73% speed. It 
can be seen from Figure 49 that the BPF tone level rises rapidly at about 79% speed, indicating the on- 
set of the rotor-alone pressure field propagation. The characteristic of the tone level versus % speed 
trace does not change appreciably between accels and deeds except that the cut off of the rotor-alone 
pressure field during a deeel occurs about 2% higher in speed than the cut on of the rotor-alone field 
during an accel. 

The second and third harmonic lone level versus speed characteristics do not exhibit as sudden a 
rise in level at the apparent rotor-alone cut-on speed (approximately 78-79% \y) nor is the change in 
level us large from subsonic to supersonic conditions. Typical second and third harmonic noise level 
accel characteristics are shown in Figures 50 and 51. respectively. It is observed that the tone levels 
(Figures 49 through 51) do not climb steadily with increasing speed, but rather oscillate about a con- 
stant mean value in the subsonic range. Once the speed exceeds the transition between subsonic and 
supersonic operation, the higher supersonic level again remains fairly flat as speed is increased. The 
fundamental tone does exhibit rather large swings in level, however, in the supersonic range. These 
swings in the level are probably due to the lobe shifts in the radiation pattern and the number of lobes 
excited with change in the speed. 

The above described characteristics appear to hold for all the configurations tested. One distinguish- 
ing feature of the forty-eight vane results versus the eighty-six vane results is that the fine scale oscilla- 
tions in lone levels with increasing speed are much lower in amplitude. There also appears to be more 
•‘lobular" or medium scale oscillation behavior in the tones for the subsonic speed range. 



Figure 49. Tracking Filter Test (1500 Hz Bandwidth) Far Field Microphone No. 7 
(60° Angle). 


6-44 


V-/ ; 




L2C 












Section 7 


^7- t ; 


NEAR FIELD ACOUSTIC TEST RESULTS 


7.1 Aft Duct Probe Spectra 

As described in Section 2 and illustrated in Figure 6, sound level measurements were made in the 
exhaust duct downstream of the stator vanes with a traversing probe. The probe sting aligned with the 
flow contains two miniature sensors designated K4 (forward position) and K2 (aft position). The mea- 
surements were taken at two immersions, and outei immersion readings are designated by subscript 
“o” (e.g., K2„ or K4 fJ ), while inner immersion readings are designated by subscript “/” (K2, or K4,). 
The immersion locations were 17.3 and 69.3% the duct height from the outer wall for the “outer” and 
“inner” immersions, respectively, for the eighty-six vane configurations. 

Because of some confusion arising from changes in personnel during the test program, the data for 
the forty-eight vane configurations was inadvertently taken at 2.5 and 30.5% of span from the outer wall 
for the “outer” and “inner” immersions, respectively. This inconsistency with the eightv-six vane 
data with respect to immersion locations makes a direct comparison between eighty-six vane and forty- 
eight vane results somewhat questionable in terms of absolute levels, but the trends with spacing, 
speed, throttle settings and harmonic number should be reasonable. This difficulty is further com- 
pounded by the lack of in situ calibration of the aft duct probe. 

Typical examples of aft duct probe sound pressure level spectra are shown in Figures 52 through 60. 
The format is similar to that for the far field SPL spectra shown in Figures 17 through 38. Figures 52 
and 53 show the aft duct SPL spectra for the eighty-six vane configurations at 54% speed and open 
throttle at the “outer” immersion for sensors K2 and K4. respectively. Figures 54 and 55 show the 
corresponding results for the “inner” immersion. A large reduction in tone levels from the s/c* - 0.5 
spectrum to the s/c/? ® 2.3 spectrum is evident. A hump of broadband noise occurs in Figures 53 and 
55. It was speculated that this hump in the broadband noise spectrum could be caused by probe vortex 
shedding and/or vibration, to which the K4 sensor is particularly susceptible. The former appears un- 
likely since, for a probe stem diameter of 0.635 cm (0 25 in.) and a flow velocity of 122 m/s 
(400 ft/sec), the Strouhal number fd/V for 26.000 Hz is 1.35. This is an order of magnitude higher 
than the classical Strouhal number of 0.15 to 0.25 usually associated with vortex shedding. Although 
the source of this peculiar hump of noise is not known, it does not affect the tone levels and does not 
appear to be sensitive to stator configuration. 

Some examples of aft duct spectra at the closed throttle condition are shown in Figures 56 and 57 at 
69.3% immersion. The large tone reductions as axial spacing is increased are again evident, as is the 
peculiar broadband noise hump for the K4 sensor spectra. There does not appear to be any dramatic 
change in the character of the aft duct spectrum in going from open to closed throttle. 

The aft duct probe s :ctra at 69% speed and closed throttle setting are shown in Figure 58 for the 
K2 sensor at 69. 3% immersion. The trend with spacing is seen to be the same as that observed for 54"/. 
V/.. Figure 56. The tone protrusions are somewhat higher at the higher speed, however. At a very 
high speed where the tip speed Mach number is supersonic, the effect of spacing on tone level is still 
quite large, as seen in Figure 59. This figure shows the aft duct K2 sensor probe spectra at 69.3% im- 
mersion for the eighty-six vane configurations at- 95% speed and closed throttle, it can be seen that 
there is a significant reduction in aft duct tone levels with increased spacing in contrast to the trends 
observed for the forward radiation far field spectra. Also, there is little or no contribution of multiple 
pure tone (MPT) or “buzz saw” noise to the spectra, again in contrast to the forward radiated far field 
spectra which were dominated by MPT noise at this speed (see Figure 29). A typical set of forty-eight 
vane configuration spectra are shown in Figure 60, and they exhibit the same characteristics as the 
eighty-six vane spectra, except for the dominant BPF tone. 
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Figure 52. Aft Duct Probe Spectra for 86>Vane Configuration at 54% N F and Open 
Throttle, 17.3% Immersion K2 Sensor. 
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Figure 59. Aft Duct Probe Spectra for 86-Vane Configuration at 95% N F and Closed 
Throttle, 69.3% Immersion K2 Sensor. 
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It should be remarked that the trends described in the preceding paragraphs and illustrated in Fig- 
ures 52 through 60 are general observations that exhibit considerable variability from point to point, 
immersion to immersion, and sensor to sensor. It was, therefore, desirable to perform some sort of 
data averaging in order to better quantify the trends. The tone levels were, therefore, scaled from the 
spectra and have been tabulated in Appendix B, along with the far field microphone tone levels. The 
tone levels from each sensor-immersion combination were then averaged to obtain a representative 
duct average SPL value. These average levels were then examined in terms of treads with spacing and 
vane number. 

The tone level spectra (SPL versus harmonic number n) have been plotted for each of the vane 
number/spacing combinations tested, at 54 and 63% speed, for both open and closed throttle settings. 
The values from all four sensor-immersion combinations are shown and these results are displayed in 
Figures 61 through 67. These results indicate that although there is considerable spread or scatter in 
the levels, there does not appear to be any one sensor-immersion combination which is consistently in 
disagreement with the others. 






BPF HARMONIC NO. n = f/BPF 

Figure 61. Aft Duct Probe Harmonic Spectra 86-Vanes and S/C R - 0.5. 
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Figure 62. Aft Duct Probe Tone Harmonic Spectra 86-Vanes and S/C R 
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The average SPL spectra derived from Figures 61 through 67 are shown in Figures 68 through 71, 
where the tone harmonic average SPL spectra at different spacings are compared. Examination of these 
comparisons shows several interesting features. The eighty-six vane configurations show a peak in the 
spectrum at the third harmonic (n = 3), as was observed for the far field spectra, for the closer spac- 
ings. The forty-eight vane configurations show a peak at the fundamental (n = 1) harmonic, and the 
falloff with harmonic number is much more rapid than for the eighty-six vane spectra. The eighty-six 
vane configurations show a more or less progressive drop in the spectrum with increasing spacing until 
s/c/e “ 2.3, where the spectrum generally is as high as (or higher than) the spectrum at s/c# of 1.27. 
For the forty-eight vane configurations, the drop with spacing is progressive for the 54% speed cases 
(Figures 68 and 69), but very little change is observed between the two largest spacing levels at 63% 
speed (Figures 70 and 71). 

The aft duct average tone SPL values, derived from an arithmetic average of the four levels ob- 
tained from the four sensor-immersion combinations recorded, have been plotted versus rotor-stator 
axial spacing-chord ratio. These aft duct probe average SPL versus spacing trends are shown in Fig- 
ures 72 through 76 for 54% through 80% corrected speed, respectively. These trends can be compared 
with the corresponding trends obtained from the inlet radiated far field data shown in Figures 44 
through 48, and the data presentation format is similar. It is noted in passing that, if flow convection 
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Figure 63. Aft Duct P/ofce Tone Harmonic Spectia 86-Vanes and S/C R * 1.27. 


effects are ignored and standard day values of air density and speed of sound are assumed, the conver- 
sion from average SPL to acoustic power PWL in the aft duct yields a correction of less than 1.0 dB, so 
that the average SPL levels shown in Figures 72 through 76 (and 68 through 71 as well) arc roughly 
equivalent to PWL within the above-stated assumptions and approximations. It can be seen that 'he 
levels shown in Figures 72 through 76 are in reasonable agreement with the inlet PWL levels shown in 
Figures 44 through 48. 

The aft duct SPL versus spacing trends are similar to the inlet PPWL versus spacing trends with a 
couple of exceptions. First, the dropoff rate with spacing increase is somewhat larger for the aft duct, 
especially for the higher speeds. Secondly, the pecuhar noise (inlet PWL) increase in going from 
s/c H * 0.5 to 0.9 for the eighty-six vane second harmonic lone in most cases (eight out of ten) does 
not occur in the aft duct SPL. Thirdly, the aft duct BPF tone is much higher (or the forty-eight vane 
configurations than for the eighty-six vane configurations for most of the cases shown in Figures 72 
through 76. In contrast, the inlet arc PWL BPF tones are comparatively close for forty-eight and 
eighty-six vane configurations. It should be remembered, however, that the immersion locations for 
the forty-eight vane configurations were different than those of the eighty-six vane configurations so 
that a direct comparison of levels in the aft duct may be misleading. 
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Figure 65. Aft Duct Probe Tone Harmonic Spectra 48-Vanes and S/C R = 0.5. 


The character of the blade-mounted transducer (BMT) harmonic spectra at 54% and 80% fan speed 
is displayed in Figure 81. A general observation is that the lower harmonics are much more prevalent 
at the higher speed condition. Also a distinct eighty-sixth harmonic occurs at both speeds, which is at- 
tributable to the potential field loading of the closely spaced eighty-six vane assembly on the rotor 
blade. The progression of lower frequency harmonic activity with fan speed is illustrated further in Fig- 
ure 82, where BMT harmonic spectra at 63%, 69% and 76% fan speeds are shown. Note that Figure 81 
is for the closed throttle setting of 1.35, whereas Figure 82 is for the open throttle setting of 0.95. 
Since both throttle settings suggest similar lower order harmonic behavior, this trend is believed to be 
relatively independent of throttle setting. The cause of this increase in lower order harmonic strength 
is not directly known; however, since it occurs over a range of harmonics, it may be due to inflow 
turbulence/distortion components. At low fan speeds, which characterize lower flow rates through the 
turbulence control structure, very little low frequency harmonic activity is observed. However, at 
higher fan speeds and higher flow rates, more low frequency activity is observed. The waveform from 
which the harmonic spectra were generated is obtained in the conventional manner of averaging the lo- 
cal signal until a representative steady circumferential pattern is attained. An example of the BMT 
waveform is displayed in Figure 83. The waveform again displays the information of the harmonic 
spectra as it shows slowly undulating lower frequency components with a strong eighty-sixth order com- 
ponent superimposed. 
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Aft Duct Probe Tone Harmonic Spectra 48-Vanes and S/C R = 1.27. 


The eighty-sixth order component is viewed as a potential noise generation mechanism for the 
second harmonic of the blade passage frequency (BPF) tone. The amplitude of eighty-sixth BMT har 
momc component as a function of fan speed for open and closed throttle setting £ ,how„ in Figure B4 

JcaleThe 'Sj® “‘j of F, * ure * < * * n volts magn.fy the differences observed; however, on a dB 
scale, the 63 /n speed eighty-sixth BMT harmonic was 9.5 dB lower for the closed throttle case compared 
to the open throttle operating condition. e compared 
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Figure 73. Aft Duct Probe Average SPL vs. Axial Spacing Trends at 63% Speed. 
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Figure 75. Aft Duct Probe Average SPL vs. Axial Spacing Trends at 76% Speed. 
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Figure 76. Aft Duct Probe Average SPL v s . Axial Spacing Trends at 80% Speed 






NASA V/B STUDY 


Af - 20 Hz 



Af - 20 Hz 


(b) S/C* = 2.3 

NASA V/B STUDY 



Fiswre 78. Inlet Duct Wail SPL Spectra for K6 Sensor. 86 . Vane Configuration at 54% N 
and Open Throttle O/L. 



NASA V/B STUDY 





MICROCOPY RESOLUTION TEST CHART 
NATIONAL BUREAU OF S* ANOARDS 
STANDARD REFERENCE MATERIAL 1010a 
(ANSI and ISO TEST CHART No. 2) 



NASA V/B STUDY 



160 
150 
140 
130 

SPL 

( 08 ) 120 
110 

100 
90 
SO 

FREQUENCY, -Hz 

Figure 80. Inlet Duct Wall SPL Spectra for K6 Sensor, 48-Vane Configuration at 54% N 
and Open Throttle O/L. 


Af = 20 Hz 


(b) S/C R - 2.3 

NASA V/B STUDY 



. js/a> 

OV SET . BB 

S/C 2. 3 

KULITE 9 6 


II 


0 5000 10000 15000 20000 25000 30000 35000 40000 



Q] 


blade koute analysis 

fton/Reed. 

9/3 

Per Cent Speed 

54 

DV Set 

1.35 

* S/C 

0.5 

Kttlite 

No. 3 

1 Filter Set 

10 Qz to 20 EBx 


OCCURRENCES PER REVOLUTION 



BLADE rOLITE ANALYSIS 


Rua/Read. 

Per Cent Speed 
DV Set 
S/C 
(elite 
Filter Set 


9/3.0 
SO 
1.35 
O.S 
No. 3 

10 Hi to 25 EHx 


o OCCURRENCES PER REVOLUTION 

Figure 81. Blade Mounted Transducer Harmonic Spectra for 54 and 80% Speed 


A -VvC-- 








DLADG KUL2TE ANALYSIS 

Ren/Reed. 

9/4 

Per Coat Speed 

65 

DV Set 

0.95 

S/C 

O.S 

Kalita 

No. 3 

Filter Set 

10 Dz to 20 KJlz 


OCCURRENCES PER REVOLUTION 




BLADE rOLITE ANALYSIS 


Run /Re id. 9/7 

Per Cost Speed 69 


DV Set 
S/C 

Kalita 
Filter Set 


0.95 
0.5 
No. 3 

10 Dz to 25 Cllx 


OCCURRENCES PEP REVOLUTION 



DLAOS mm ANALYSIS 

Re b/ R e id. 9/8 

Pei Coat -Speed 76 
DV Set 0.9S 

S/C 0.5 

EelUo No. 3 

Filter Set 10 Bs to 25 Ols 


'HlhW 


0 OCCURRENCES PER REVOLUTION 

Figure 82. Blade Mounted Transducer Harmonic Spectra for 63, 69, and 76% Speed 
















Section 8 


ROTOR-STATOR NOISE ANALYTICAL MODEL DESCRIPTION 


8.1 Noise Source Mechanisms 

The rotor-s*ator tone interaction noise model utilized for predictions to compare with measurements 
is based on a simplified, two-dimensional analysis of the blade row interaction mechanisms, coupled to 
a compatible two-dimensional acoustic radiation model. The model can predict the in duct acoustic 
power level radiated upstream and downstream of a rotor-stator stage at blade passing frequency and its 
harmonics. Four interaction mechanisms are considered in this model as follows: 

1. Stator Potential Field-Rotor Interaction — Interaction noise produced by the steady pressure field 
around the stator vanes, due to vane loading, interacts with the upstream rotor. Unsteady blade 
forces are produced on the rotor and the rotor becomes the noise producing source. 

2. Rotor Potential Field-Stator Interaction — Interaction noise produced by the steady pressure field (in 
a rotating reference frame) around the rotor blades due to blade loading, interacts with the down- 
stream stator. Unsteady vane forces are. produced on the stator and the stator becomes the noise 
producing source. 

3. Rotor Vortex-Stator Interaction — The unsteady forces produced on the rotor by the stator potential 
field (first mechanism) results in regular, periodic vortices being shed from the rotor blade trailing 
edges and these shed vortices interact with the downstream stator to produce unsteady vane forces. 
The stator vanes become the noise source. 

4. Rotor Wake-Stator Interaction - The viscous wakes shed by the rotor blades appear as a periodic 
gust to the stator vanes producing unsteady vane forces and hence, tone no ; , e. The stator is the 
noise source. 

The first two mechanisms are thought to be small for rotor-stator axial spacings greater than half of 
a rotor chord. The third mechanism is a second order effect of the first and hence is probably negligi- 
ble. The fourth mechanism is thought to be the dominant one for most fan stage applications. All four 
mechanisms are retained in the prediction model, however, so that a quantitative assessment of their 
relative contributions to the total interaction generated tone levels can be made for the fan stages for 
which measurements have been made. 

In order to simplify the computations, it has been assumed that each of the four mechanisms pro- 
duces tone levels independent of the others, i.e., the relative phasing between any two mechanisms is 
ignored; and the contributions from each mechanism are summed on a mean square pressure or acous- 
tic power basis. This assumption was felt reasonable in view of the approximations made in modeling 
the individual mechanisms themselves. Figure 85 illustrates the above described four mechanisms of 
rotor-stator interaction. 

A theoretical model of the above mechanisms was originally formulated by Kemp and Sears [7, 8) 
for two-dimensional, incompressible cascades. The Kemp-Sears theory was later extended to compres- 
sible, subsonic flows by Osborne [91. These models provided theoretical estimates of the unsteady lift 
forces produced on the excited blade row due to the interaction mechanisms described above for a 
stator-rotor stage. The tone noise radiated from a blade row due to periodic unsteady forces on the 
blades was analyzed by Mani [101 for a two-dimensional fiat plate cascade. 

The present rotor-stator interaction tone noise prediction model is based on the theories of Refer- 
ences 7 through 10 with several modifications. The expressions given in [91 for the interaction-induced 
unsteady lift forces were first revised to apply to rotor-stator (rather than stator-rotor) stages. Also, in 
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Figure 85. Illustration of Rotor/Stator Interaction Tone Noise Generation Mechanisms. 


order to reduce the computational complexity and execution time, simplified approximations to the ex- 
pressions given in 191 were derived by making use of the limiting forms of Bessel functions in the lim- 
its of small and large arguments. These- approximations resulted in a considerable savings in computer 
program size and execution time with only a few percent change in unsteady lift amplitude prediction 
relative to the “exact” expressions given in [9). Since the expressions given in [91, particularly for the 
potential field interactions, were based on an idealized point source model of the potential field, more 
precise estimates were not really warranted in view of the effort involved to do so. 

The unsteady lift response function utilized in the viscous wake interaction mechanism of [91 is a 
so-called “low frequency” response function in that it was derived from a compressible theory which 
assumes that a certain reduced frequency parameter ft is appreciably less than unity, where ft is 
defined as ft - «//3 3 , and where o> - vc/2V. In the above, a> is the reduced frequency; v is the dimen- 
sional radian frequency of the disturbance incident upon the blade or airfoil of interest; c is the blade 
chord; V is the average or mean velocity of the flow incident upon the blade; /3 is a compressibility pa- 
rameter 0 «* Vl - A/ 2 ; and M is the incident Mach number K/c 0 , where c 0 is the freestream speed of 
sound. For a typical fan stage with N B rotor blade wakes impinging upon a stator row, ft is on the or- 
der of 10 for the fundamental blade passing frequency excitation. The “low frequency” response func- 
tion is, therefore, not really applicable and a so-called "high frequency” unsteady lift response function 
developed by Amiet 111] was substituted in the unsteady blade force calculation for cases where ft > 
1 . 

As described in [10] for a two-dimensional cascade of N B blades interacting with a cascade of AY 
vanes, acoustic spinning modes are generated at frequencies which are multiples of blade passing fre- 
quency i > B . The n"' harmonic of v B will have a spinning mode lobe number m given by 

m *> nN B - MY (1) 
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where k is any integer* In order for a given mode of frequency nv B and lobe number m to propagate 
upstream and downstream of the duct unattenuated, it must satisfy the duct mode cut-on criterion 

(nN B - mO) M, > m y/Y- M { ] (2) 


Thus for given values of n, N B , and flow parameters M a , M t (the centerline value of the strip being 
used) , and B (the normalized swirl Mach number), only certain modes can propagate, corresponding to 
permissible values of k. The range of permissible values of k that produce propagating modes in can be 
shown to obey the inequality 


nN B 

AY 


1 ■ TT75T 1 < * < I 1 1 1 + 


(3) 


where 


M, 


M, 

yf\ ~ M} 


For each of the mechanisms previously described, the resulting unsteady blade or vane lift force of 
amplitude F m will then produce a spinning acoustic mode of intensity I,* (upstream) and (down- 
stream) of the form 


F 2 

2po c o 


(4) 


where ij* is the acoustic duct radiation efficiency in the upstream ( + ) and downstream (— ) directions 
for the acoustic mode generated and depends upon the frequency and lobe number of the acoustic 
mode as well as the flow parameters M„, and 9 in the duct as discussed in [10] , and given by Equa- 
tions (22-28) of Reference [10]. 

It may be noted that for 9 > 0, i.e., when there is mean swirl upstream of the stator and down- 
stream of the rotor, it is possible for a given mode to be propagating upstream of a blade row and be 
cut-off or decaying exponentially with axial distance downstream of the blade row or vice versa. It has 
been observed in certain predictions, for example, that stator-generated modes sometimes decay in the 
downstream direction but propagate in the upstream direction where high levels of swirl are present, 
only to be cut-off or reflected in the process of being transmitted through the upstream rotor. 

The expected cut-on circumferential modes for the configurations tested in this program have been 
calculated using Equations (1-3). The modes that propagate upstream of the rotor (9 = 0) have been 
calculated for IX BPF, 2X BPF and 3X BPF at each of the speeds tested. These expected modes are 
listed in Tables 3 (48-vane) and 4 (86-vane). At the bottom of these tables, the value of k which 
corresponds to each of the modes, is also listed. Nctc that k = 0 corresponds also to rotor-alone pres- 
sure field radiation. It is also observed that the 48-vane configuration (Table 3), in addition to having a 
cut-on IX BPF tone at subsonic tip speeds, also has more cut-on modes contributing to 2X BPF and 
3X PF than does the 86-vane configuration (Table 4). 

To account for transmission loss of acoustic energy through the rotor cascade for upstream propa- 
gating modes generated by the stator cascade, a transmission loss model for upstream propagating 
waves through a rotating cascade was developed using an actuator disk approximation model of the ro- 
tor similar to the semiactuator disk model of Kaji and Okazaki [12]. The actuator disk approach was 
selected because it can be applied to blade rows with turning, which can be substantial in the hub sec- 
tions of a fan rotor. The actuator disk approximation does not exhibit any explicit dependence on 
sound frequency (wave number), but as shown in [12], this effect is relatively small on transmission 
loss, while the effect of blade row turning or loading is substantial. 

One additional modification to the formulations for rotor-wake-stator interaction of [8-10] was 
made, consisting of incorporating a different rotor wake velocity deficit and wake width versus distance 


Table 3 


St* t ,*» *, 
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PREDICTED CUT-ON CIRCUMFERENTIAL MODE 
NUMBERS (m) FOR 48-VANE CONFIGURATION 


<R>N f M t 1 x BPF 2 X BPF 


54 

0.682 


-4 


+ 40, 

-8, 

-56 


63 

0.796 


-4 


+40, 

-8, 

-56 


69 

0.876 


-4 


+ 40, 

-8, 

-56 


76 

0.969 

+44, 

-4 

+ 88, 

+40, 

-8, 

-56 


80 

1.022 

+ 44, 

-4 

+ 88, 

+40, 

-8, 

-56 


86 

1.102 

+ 44, 

-4, 

-52 +88, 

+ 40, 

-8, 

-56, 

-104 

95 

1.223 

+44, 

-4, 

-52 +88, 

+ 40, 

-8, 

-56, 

-104 

100 

1.291 

+ 44, 

-4, 

-52 +136*, +88, 

+ 40, 

-8, 

-56, 

-104 
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+ 84, 

+ 36, 
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-60, 

-108 

+ 84, 

+ 36, 
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-60, 

-108 

+ 132, +84, 

+ 36, 

-12, 

-60, 

-108 



+ 132, 

+ 84, 

+ 36, 

-12, 

-60, 

-108 


4 


+ 132, 

+ 84, 

+ 36, 

-12, 

-60, 

-108, 

-156 

1 

+ 180, 

+ 132, 

+ 84, 

+ 36, 

-12, 

-60, 

-108, 

-156 

i 

+ 180, 

+ 132, 

+ 84, 

+ 36, 

-12, 

-60, 

- 108, 

-156, -204* 

1 

# 


-1 
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2 
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Table 4 

PREDICTED CUT-ON CIRCUMFERENTIAL MODE 
NUMBERS (m) FOR 86-VANE CONFIGURATION 


%N f 

Mt 

1 

X BPF 


2 x BPF 



3 x 

BPF 


54 

0.682 

None 


+ 2 



+ 46, 

-40 


63 

0.796 

None 


+ 2 



+ 46, 

-40 


69 

0.876 

None 


+ 2 



+ 46, 

-40 


76 

0.969 

+ 44, 

-42 

+ 88, 

+ 2, 

-84 

+ 132, 

+ 46, 

-40, 

-126 

80 

1.022 

+44, 

-42 

+ 88, 

+ 2, 

-84 

+ 132, 

+ 46. 

-40, 

-126 

86 

1.102 

+44, 

-42 

+ 88, 

+ 2, 

-84 

+ 132, 

+ 46, 

-40, 

-126 

95 

1.233 

+44, 

-42 

+ 88, 

+ 2, 

-84 

+ 132, 

+ 46, 

-40, 

-126 

100 

1.291 

+44, 

-42 

+ 88, 

+2, 

-84 

+ 132, 

+ 46, 

-40, 

-126 


k = 
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0 

1 

2 
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correlation. The new velocity deficit and wake width correlations were taken from the results of a study 
by Mugridge and Morfey [13] which was based on data for a wider range of airfoil types as well as cas- 
cade data. It was found from parametric study computation results that this wake model gave a much 
better prediction of harmonic spectrum shape than the Kemp-Sears model of [8] does. Details of the 
prediction model formulation used are given in Appendix A. 

8.2 Computational Model Description 

The computational procedure developed for predicting rotor-stator interaction tone noise utilizes a 
streamline-by-streamline evaluation sequence whereby the noise level* are calculated at several radial or 
spanwise locations along the blades, corresponding to axisymmetric streamlines in the fan flow path. 
Incremental annulus areas are assigned to each streamline and the tone acoustic power levels computed 
from each streamline are then summed to give the total acoustic power generated and radiated 
upstream and downstream of the fan stage. Figure 86 illustrates the streamline-by-streamline subdivi- 
sion and evaluation procedure. On each streamline, the flow is characterized by an equivalent two- 
dimensional cascade rotor-stator stage model with an equivalent average axial Mach number M a , tip 
speed Mach number, A/„ and rotor-stator gap swirl Mach number 9M lt as shown in Figure 86. The ro- 
tor wake development is characterized by the rotor drag coefficient C DR , as discussed in [8] and [91. 
The geometric parameters required are rotor and stator stagger angles y r and y $, rotor and stator soli- 
dities an and <x s , and rotor and stator blade and vane numbers N a and N v . 

The basic rotor-stator computation scheme developed for the prediction of interaction tones is illus- 
trated in Figure 87. A given fan stage flow path is subdivided into stream tube annuli as shown in Fig- 
ure 86. The steady state aerodynamic parameters and blading geometry parameters are determined 
from prior calculations and/or experimental measurements. For each streamline, the unsteady blade 
and/or vane forces are evaluated using the previously described modifications of the Osborne theory 
[91. This evaluation is done for each frequency or blade passing harmonic of interest for each of the 
four interaction sources at all cut-on modes which abide by the criterion of Equation 3. For each 



Figure 86. Illustration of Streamline-by-Streamline Analysis of Rotor/Stator Interaction 
Noise. 
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COMPUTER PROGRAM FLOW CHART 



Figure 87. Rotor/Stator Tone Noise Prediction Computer Program Flow Chart. 


stator-generated upstream propagating mode, a transmission loss factor is applied as described above. 
The contributions from all sources are then summed (on a sound power basis) to give the total power 
in a given mode, and the acoustic power in all propagating modes are then summed to give the total 
power at a given harmonic produced by a given stream tube or annular increment. Finally, a summa- 
tion is made over all stream tubes to yield the total tone power in each mode and summed over all 
modes. 

The above analytical model approach is one step higher in sophistication compared to a straightfor- 
ward two-dimensional calculation carried out at some effective radius in the fan annulus. It does pro- 
vide some accounting for the radial or spanwise variations in acoustic source strengths, which may re- 
sult from the existing radial variations in blade geometry, mean flow vector diagram parameters, load- 
ings, and wake properties. As such, it should provide useful evaluations of the spanwise variation in 
the source noise. It cannot, however, provide a truly three-dimensional sound field prediction in the 
fan duct since phase relationships along the span are ignored in the present model. Nevertheless, it is 
expected to provide reasonable estimates of total tone acoustic power and should piei.ct the correct 
trends for variations in rotor-stator axial spacing and vane number. 

8.3 Rotor-Stator Interaction Tone Predictions 

Predictions were made of the rotor-stator interaction tones for the Rotor 1 1 fan stage vane/blade ra- 
tio and axial spacings tested utilizing the analytical model described in the previous section. The aero- 
dynamic parameters required as input to the prediction model were derived from the aerodynamic per- 
formance measurement data reported in [61. The aerodynamic performan^^ measurements reported in 



[61 were made on a configuration consisting of Rotor 11 (forty-four blades) and a forty-eight vane sta- 
tor row at approximately 0.5 rotor chord axial spacing. It was assumed, since no additional data was 
available, that the rotor aerodynamic performance remained unchanged for the other vane 
number/spacing configurations tested in the present program. 

The fan flow oath was subdivided into five annuli, with midradius locations at 10%, 30%, 50%, 70%, 
and 90% of immersion from the casing. Input values of M ay M ls 6 and C DH (rotor drag coefficient) 
were derived from interpolation of the aerodynamic traverse data as a function of corrected fan speed 
and rotor inlet flow coefficient. C DR was calculated from measured total pressure loss coefficients. It 
was found that the radial variation in axial Mach number M a was very small at the part-speed condi- 
tions of interest (54% to 80% A^), and it was also found that M a did not vary appreciably in the axial 
direction either. Values of A/„ 0 and Cor evaluated at the rotor exit were used for prediction model 
input. The rotor loading coefficient 9 was found to vary considerably from hub to tip but was relatively 
invariant with fan speed for a given throttle (DV) setting. In going from open throttle to closed throt- 
tle, the axial Mach number M a decreases, while both swirl coefficient 9 and rotor drag coefficient Cor 
increase. 

Calculations of rotor-stator interaction tone levels were carried out for the Rotor 1 1 twenty-inch- 
diameter fan stage (forty-four blades) for 54%, 63%, 69%, 76%, and 80% corrected speed. Results for 
forty-eight vanes are given in Tables 5 and 6, while results for eighty-six vanes are given in Tables 7 
and 8, Results for both open throttle (DV = 0.95) and closed throttle (DV = 1.35) are given. For 
each vane number and throttle setting, results have been computed at nominal rotor-to-stator spacings 
of 0.5, 0.9, 1.27, and 2.3 rotor chords. 

It was found that the rotor viscous wake-stator interaction was by far the dominant mechanism for 
all of the cases computed. The stator potential field/rotor interaction mechanism ranked second, but 
was on the order of 50 dB lower in resultant noise level than that of the viscous wake interaction. A 
comparison of predicted source contributions to tone harmonic levels for the closest rotor-stator spac- 
ings tested (s/e * * 0.5) are given in Table 9 for the streamline closest to the hub, 90% immersion. 
For this configuration, the noise sources are predicted to be strongest at the hub and typical variations 
of tone PWL versus spanwise position are shown in Figure 88. 

The noise source distributions shown in Figure 88 indicate a strong hub dominance in both forward 
and aft-radiated noise. This *s due to the higher unsteady lift forces created near the hub because of 
higher rotor drag coefficient, shorter spacing-to-chord ratio and higher relative velocity into the stator 
(because of larger swirl at the hub). 

8.4 Rotor Transmission Loss Analytical Study 

The Fan Source Noise Acoustics Prediction Computer Program was used to study the effect of rotor 
transmission loss on the predicted rotor-stator interaction forward radiated noise levels for the Rotor 1 i 
stage configurations tested in this program. 

Calculations of rotor-stator interaction noise tone power levels for the first five harmonics were car- 
ried out with the rotor transmission loss and without the rotor transmission loss. The difference in 
upstream radiated tone power levels with, and without, transmission loss effects represents the 
influence of rotor transmission loss itself. The effective rotor transmission loss was computed as a 
function of rotor tip speed Mach number, and is plotted in Figures 89 through 92, Note that the net 
transmission loss cannot be obtained by merely computing a transmission loss from the transmission 
loss model or subroutine, because the tones are comprised of several spinning modes, each having a 
particular amplitude relative to the total level, and each having its own transmission loss (and spanwise 
distributions of same). 

Figure 89 shows the net transmission loss versus tip speed Mach number characteristics fot the 
48-vane stator on the open throttle operating line. These results show that the transmission loss is rela- 
tively constant, approximately 5-7 dB, for the higher harmonics rj > 2 for subsonic tip speeds. For 
M t > 1.0, a gradual rise in tone transmission loss is predicted, reaching 10 dB at M, m 1.3. The fun- 
damental tone (n = 1 ) has a relatively small transmission loss of about 2-3 dB for M, < 0,?, and then 


Table 5 


PREDICTED ROTOR/STATOR TONE PWL 48 VANES 
(S/CU = ®- 5 and 0.9 


DV 

VoN 

Upstream 
n * 1 2 

3 

Downstream 
1 2 

_3 

0.95 

54 

125.7 

128.4 

117.6 

136.9 

136.0 

121.9 

(OP) 

63 

127.2 

131.9 

119.0 

137.4 

140.0 

127.8 

69 

127.7 

132.2 

122.0 

137.5 

141.5 

131.1 


76 

128.0 

134.6 

124.6 

142.4 

141.4 

134.7 


80 

128.3 

134.4 

124.7 

145.2 

142.0 

136.4 

1.35 

54 

131.1 

124.6 

113.4 

139.6 

134.5 

113.9 

(CL) 

63 

132.1 

129.6 

116.1 

139.9 

139.4 

121.8 

69 

132.6 

132.3 

118.0 

140.2 

140.2 

125.7 


76 

132.7 

132.7 

122.1 

140.1 

141.4 

130.2 


80 

132.6 

134.4 

124.2 

145 9 

141.4 

133.5 

0.95 

54 

124.5 

124.9 

110.6 

135.8 

132.5 

114.4 

(OP) 

63 

126.0 

128.7 

112.1 

136.3 

136.8 

121.6 

69 

126.6 

129.2 

116.1 

136.5 

138.4 

124.7 


76 

127.0 

131.7 

118.7 

141.5 

138.5 

128.8 


80 

127.2 

131.6 

118.9 

144.3 

139.1 

130.6 

1.35 

54 

129.3 

118.7 

105.7 

137.8 

129.0 

105.3 

(CL) 

63 

130.4 

124.4 

108.2 

138.3 

135.1 

112.5 

69 

130.9 

127.7 

110.2 

138.6 

135.9 

116.3 


76 

131.2 

128.7 

114.6 

138.7 

137.7 

121.9 


80 

131.2 

130.9 

117.2 

144.5 

137.7 

126.5 


exhibits a rapid rise, as M, exceeds 0.9, reaching a maximum value of 17 dB at M, = 1.1. Figure 90 
shows the transmission loss versus tip speed Mach number characteristics for the 48-vane stator 
configuration along the closed-throttle operating line. The qualitative trends are similar to those in Fig- 
ure 89, but the levels are somewhat lower by 1-3 dB. 

Corresponding transmission loss versus tip speed characteristics for the 86-vane stator configuration 
are shown in Figures 91 and 92 for the open-throttle and closed-throttle operating lines, respectively. 
Fot this configuration, both the first and second harmonic trends differ from those of the higher har- 
monics. First, the first harmonic has no value until M, > 0.93, since this is the so-called cut-off stator 

design. Secondly, once the fundamental tone cuts-on, the transmission loss is much higher, peaking at 

27 dB, than for the 48-vane stator configuration. Finally, the second-harmonic characteristic shows a 
rapid rise in transmission loss when M, exceeds 0.76, peaking at 14 dB at M, — 1.0. The trends for the 
closed-throttle operating line (Figure 92) are similar to the trends for the open-throttle operating line 
(Figure 91), but again the absolute levels are somewhat lower. 

To gain additional insight into the effects (predicted by the present analytical model) of rotor 
transmission toss on forward-radiated tone power levels, the spanwise or radial distributions for the 
tone power levels with, and without, transmission loss were compared. Two speeds were selected for 
comparison: 

(a) Nf «■ 69%, corresponding to M, = 0.88, and 

(b) Nf -= 74%, corresponding to M , - 0.94. 
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Table 6 


PREDICTED ROTOR/STATOR TONE PWL 48 VANES 
(S/CW = 1.27 and 2.3 


S/C 


48 


1.27 


2.3 


ures 89 through 92). 


DV 

%N 

Upstream 
n - 1 2 

3 

Downstream 
1 2 

3 

0.95 

54 

123.7 

121.9 

103.9 

135.0 

129.3 

107.6 

(OP) 

36 

125.3 

125.9 

105.7 

135.5 

133.9 

116.1 


69 

125.8 

126.6 

110.8 

135.7 

135.6 

118.9 


76 

126.3 

129.2 

113.4 

140.7 

135.9 

123.5 


80 

126.6 

129.1 

113.5 

143.6 

136.5 

125.3 

.135 

54 

128.1 

113.5 

97.6 

136.4 

123.7 

96.9 

(CL) 

63 

129.3 

119.7 

100.4 

137.1 

131.1 

103.8 


69 

129.9 

123.3 

102.5 

137.4 

132.2 

107.5 


76 

130.3 

124.9 

107.4 

137.7 

134.3 

113.9 


30 

130.3 

127.8 

110.6 

143.3 

134.4 

119.7 

0.95 

54 

121.5 

113.6 

85.0 

132.6 

120.5 

89.5 

(OP) 

63 

123.2 

117.9 

88.1 

133.4 

125.8 

101.7 


69 

123.9 

119.1 

96.9 

133.7 

127.9 

104.1 


76 

124.5 

122.0 

99.7 

138.6 

128.6 

190.6 


80 

124.8 

121.9 

99.5 

141.5 

129.3 

111.1 

1.35 

54 

124.7 

99.4 

74.1 

132.8 

109.9 

73.7 

(CL) 

63 

126.3 

106.8 

77.9 

133.8 

119.9 

80.4 


69 

127.0 

110.8 

80.3 

134.3 

121.7 

83.7 


76 

127.8 

114.3 

86.7 

135.0 

124.9 

91.7 


80 

128.1 

118.9 

91.6 

139.9 

125.4 

100.7 

region where the fundamental i 

i “ l tone exhibits a rapid rise 


The spanwise distributions of upstream radiated tone PWL with, and without, rotor transmission 
loss are shown in Figure 93 for the 48-vane stator configuration on the open-throttle operating line. 
The first three harmonic tones are shown. Similar comparisons for the closed-throttle operating line are 
shown in Figure 94. One dramatic effect of rotor transmission loss depicted by the trends shown in 
Figures 93 and 94 is that the transmission loss changes the tip-dominated “source” distribution to a 
hub-dominated distribution upstream of the rotor. 


The 86-vane configuration spanwise distributions for open-throttle and closed-throttle operating lines 
are shown in Figures 95 and 96, respectively. These trends show even more dramatically the reversal 
from a tip-dominated spanwise distribution to a hub-dominated distribution produced by the rotor 
transmission loss. It is also interesting to note that, at 69% speed (A/, = 0.88), the fundamental tone 
is cut-on at all but the hub streamlines before being transmitted through the rotor, and then is com- 
pletely cut off by the rotor. This is due to the change in cut-off ratio or propagation wave number in 
the downstream -of-rotor to the upstream-of-rotor regions due to swirl velocity change. 

A study of the relative transmission loss contributions to the various spinning modes contributing to 
each tone harmonic level was also carried out for the tip streamline (10% immersion). The tip stream- 
line was selected because it usually exhibited the largest transmission loss, according to the results 
shown in Figures 93 through 96. The 74% speed (M, * 0.94) cases were examined. The modal tone 
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Table 7 


PREDICTED ROTOR/STATOR TONE PWL 86 VANES 
(S/C) ooni . = 0.5 and 0.9 

Upstream Downstream 

V S/C DV %N n = 1 2 3 1 2 3 


86 0.5 0.95 54 

(OP) 63 

69 

76 126.8 

80 127.2 

1.35 54 

(CL) 63 

69 

76 131.2 

80 131.8 

0.9 0.95 54 

(OP) 63 

69 

76 126.0 

80 126.7 

1.35 54 

(CL) 63 

69 

76 129.5 

80 130.7 


124.8 

124.8 


124.1 

130.6 

125.3 

128.0 


125.3 

131.7 

125.9 

128.9 


126.5 

132.9 

127.1 

129.4 

151.5 

138.2 

135.5 

127.9 

129.4 

154.7 

142.0 

437.3 

125.8 

115.8 


125.2 

126.8 

126.9 

124.6 


127.0 

127.5 

127.9 

126.0 


128.4 

128.4 

129.7 

128.2 

147.9 

133.6 

130.8 

130.7 

129.1 

155.4 

140.3 

133.0 

121.4 

117.9 


120.6 

123.9 

122.0 

121.6 


122.0 

125.3 

122.8 

122.7 


123.3 

126.7 

124.1 

123.7 

150.7 

134.8 

129.3 

125.0 

123.8 

153.9 

138.9 

131.2 

121.5 

105.2 


120.7 

119.8 

122.8 

117.2 


122.6 

120.2 

123.9 

118.9 


124.1 

121.0 

125.9 

121.4 

146.3 

128.7 

123.6 

127 -.3 

122.7 

153.9 

135.2 

125.8 


PWL values, in bar chart form, are shown for the 48-vane stator configuration, on the open-throttle op- 
erating line in Figure 97. The open bars denote levels without rotor transmission loss, while the shaded 
bars denote levels with rotor transmission loss included. Each circumferential mode (m) contributing 
to the tone is shown, as well as the summed levels. For example, the fundamental tone (n = 1 har- 
monic) in Figure 97 shows two circumferential modes contributing: m = -4 and M * -52. Without 
transmission loss, the m = -52 mode dominates, giving a level of 139 dB. In contrast, with transmis- 
sion loss included, the m * -52 mode becomes cut-off and only the m ■ -4 mode contributes. The 
m m -4 mode suffers about 12 dB in transmission loss, resulting in a net upstream radiated level of 
110 dB (for this streamline), compared to the source level of 138 dB. 

Similar results for the closed-throttle operating line, 48-vane configuration are shown in Figure 98. 
It can be observed that, for each harmonic shown in Figures 97 and 98, the largest negative cut-on 
spinning mode dominates the tone level if rotor transmission less is ignored, while the lowest negative 
or highest positive mode dominates the tone when rotor transmission loss is accounted for. Analogous 
results for the 86-vane stator configuration are shown in Figures 99 and 100 for the open-throttle and 
closed-throttle operating lines, respectively. Because of the higher vane number, there are fewer con- 
tributing modes, and so a clear trend with mode numbers is not evident, although the transmission loss 
itself does increase as mode number goes from positive to negative values. 

As fan speed is increased, however, additional modes become “cut on,” at the tip region first, pro- 
ducing higher noise levels out at the tip relative to the hub (see Figures 95 and 96). But, these modes 
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Table 8 


PREDICTED ROTOR/STATOR TONE PWL 86 VANES 
(S/CU. = 1.27 and 2.3 


86 


S/C DV VoN 


1.27 0.95 54 

(OP) 63 

69 
76 
80 

1.35 54 

(CL) 63 

69 
76 
80 

2.3 0.95 54 

(OP) 63 

69 
76 
80 

1.35 54 

(CL) 63 

69 
76 
80 


Upstream 


n = l 

2 

3 


118.3 

111.2 


119.1 

115.3 


120.0 

116.7 

125.2 

121.6 

118.1 

126.2 

—122.6 

118.3 


117.4 

93.9 


119.0 

190.4 


120.1 

111.2 

128.1 

122.6 

114.3 

129.8 

124.2 

116.0 


190.6 

92.8 


111.9 

97.8 


112.2 

100.0 

123.0 

114.3 

102.5 

124.7 

115.6 

103.0 


106.1 

62.5 


108.3 

86.8 


109.6 

89.0 

124.0 

1-12.9 

93.6 

127.2 

115.3 

96.6 


Downstream 


1 

2 

3 


117.5 

117.2 


119.1 

119.1 


120.6 

120.9 

149.9 

131.7 

123.6 

153.2 

136.2 

125.8 


116.4 

111.9 


118.6 

112.4 


120.2 

113.3 

144.8 

124.5 

116.4 

152.6 

130.8 

119.0 


108.9 

98.5 


111.0 

102.2 


113.0 

105.0 

147.5 

123.1 

108.7 

151.1 

128.6 

112.1 


104.8 

88.7 


107.6 

89.9 


109.2 

91.0 

140.7 

113.6 

95.6 

149.0 

119.8 

99.7 


become “cut off” in the forward propagation through- the rotor, and hence the noise is still hufc- 
dominated in the forward direction. The aft-radiated noise would still contain the additional mode con- 
tributions out at the tip at these higher fan speeds (69 to 74%). 

From the above results, it can be concluded that accounting for rotor transmission loss in predicting 
upstream-radiated rotor-stator interaction lone levels is very important in predicting the correct levels as 
well as the correct trends with tip speed and throttling or loading. In addition, the correct evaluation of 
rotor transmission loss effects on the detailed modal composition is important in selecting the proper in- 
let duct liner/ treatment design, since the rotor transmission characteristics can change the dominant 
mode contributing to the tone to be suppressed. 
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Table 9 


..a 



PREDICTED CONTRIBUTIONS OF ROTOR/STATOR INTERACTION MECHANISMS 
TO TOTAL TONE INTERACTION NOISE LEVELS 

• Upstream-Radiated PWL 

• 86 Vanes 

• Axial Spacing S/Cr = 0.5 

• Open Throttle, DV = 0.95 

• Hub Streamline 


«7oN f 

n 

SPF/R 

RPF/S 

RV/S 

RW/S 

TOTAL 

54 

2 

65.8 

49.5 

19.5 

122.0 

122.0 


3 

62.9 

0 

19.3 

118.6 

118.6 

63 

2 

66.4 

50.0 

16.1 

122.6 

122.6 


3 

50.8 

0 

20.9 

124.7 

124.7 

69 

2 

66.3 

49.9 

13.1 

123.4 

123.4 


3 

57.2 

0 

17.9 

126.0 

126.0 

76 

2 

65.7 

49.1 

12.8 

124.6 

124.6 


3 

59.5 

0 

0 

126.9 

126.9 


SPF/R — Stator Potential Field/Rotor Interaction 
RPF/S — Rotor Potential Field/Stator Interaction 
RV/S — Rotor Unsteady Vortex/Stator Interaction 
RW/S — Rotor Viscous Wake/Stator Interaction 
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Figure 88. Predicted Radial Distributions of Tone Noise per Unit Annulus Area 
(PWL sl - l0 log A st ). 
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Figure 91. 
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UPSTREAM TRANSMISSION LOSS, dB 




(Tip) 0 
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O 69% Speed 
A 74% Speed 

With T.Loss 

W/O T.Loss 


• N = 1 



Figure 93. Calculated Upstream-radiated Spanwise Tone PWL Distribution for 48-vane 
Configuration on Open-throttie Operating Line, With and Without Rotor 
Transmission Loss. 
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iA “V-A--, 


O 69% Speed 
A 74% Speed 


With T.Loss 

W/O T.Loss 




UPSTREAM PWL, dB 

Figure 94. Calculated Upstream-radiated Span wise Tone PWL Distribution for 48-vane 
Configuration on Closed-throttle Operating Line, With and Without Rotor 
Transmission Loss. 
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Figure 95. Calculated Upstream-radiated Spanwise Tone PWL Distribution for 86-vane 
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With T.Loss 

W/O T.Loss 
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A 74% Speed 
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Figure 97. Modal Decomposition of Upstream-radiated Tone PWL for Tip Streamline, 

With and Without Rotor Transmission Loss; 48-vane Configuration on Open- 
throttle Operating Line at 74% Speed. - 



Figure 98. Modal Decomposition of Upstream-radiated Tone PWL for Tip Streamline, 

With and Without Rotor Transmission Loss; 48-vane Configuration on Closed- 
throttle Operating Line at 74% Speed. 
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UPSTREAM PWL, dB 




Modal Decomposition of Upstream-radiated Tone PWL for Tip Streamline, 
With and Without Rotor Transmission Loss; 86-vane Configuration on Open- 
throttle Operating Line at 74% Speed. 
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Figure 100. Modal Decomposition of Upstream-radiated Tone PWL for Tip Streamline, 

With and Without Rotor Transmission Loss; 86-vane Configuration on Closed 
throttle Operating Line at 74% Speed. 
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PREDICTION VERSUS MEASUREMENT COMPARISONS 


The forward radiated tone PW f. versus : pacing ^ends are shown in Figure 101 with both measured 
(from far field microphones) aiul prediciel trsiuV- ,*orripared. The results in Figure 101 are for 54% 
speed, the only speed for which jw.uowbarV.s ah nr *mu the arc (u’ v To" 1 10°* were reduced. Looking 
first at Figure 101a, the eighty-si. vjne cor./Vrir'v.r.s, the agreement between measured and predicted 
PWL at open throttle is seen to b; excellent exc.&i for the 3X BPF level at ihe widest ($/c* * 2.3) 
spacing. The closed throttle cases Jo not show as *o«:id agreement — the predicted levels underestimat- 
ing the measured levels by 10- »; JB for t--»e i\ UPF tone. The agreement between prediction and 
measurement is again reasonably good l .r t*t. forty-eight vane configurations at open throttle 
(Figure 101b), but again ‘‘ic 2X BPA and 3X BPf ; tone level* are underpredicted at the closed throttle 
condition. It also up;*»urs (hat the fiilloff viih spacing is correctly predicted at close spacings (0.5 
^ s/ c R ^ 1.27), but is overpredicted ...t lar*v‘t sp airings. The change in falloff rate with harmonic num- 
ber is predicted reasonably well 


0'»LM THROTTLE 
Of^t RATING LINfi 

130 r* 


120 F 



CLOSED THROTTLE 
OPERATING LINE 




ROTOR-STATOR AXIAL SPACWG/CHORD RATIO (S/C R ) tip 

Figure 101(a). Predicted vs. Measured Tone PWL vs. Spacing Trends at 54% N r ; 86-Vane 
Configurations. 
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OPEN THROTTLE 
OPERATING LINE 


CLOSED THROTTLE 
OPERATING LINE 





Figure 101(b). Predicted vs. Measured Tone PWL vs. Spacing Trends at 54% Speed; 

48- Vane Configurations. ' 


Measurement versus prediction comparisons are shown in Figures 102 through 105 for 63% through 
80% corrected speed, respectively. The solid symbols denote the predicted levels, while the open sym- 
bols denote the measured levels. The measured levels are partial PWL values, i.e.. the PWL computed 
from integrating from « = 30 “"to” 60°, whereas the predictions are total forward radiated PWL values. 
The predictions are lossless, i.e., no air attenuation is included, whereas the measured values include 
atmospheric attenuation losses which vary from —0.2 dB to —2.0 dB over the frequency range of 6.3 to 
20 kHz. At the lower speeds, ,V f = 54% and 63%. the agreement between measured and predicted 
trends is better at open throttle than at closed throttle, whereas at the higher speeds, the closed throttle 
cases give better agreement. 

For the cut-on stator design (forty-eight vanes), the BPF tone is overpredicted by 5-10 dB except at 
the highest speeds (76% and 80%) where agreement between prediction and measurement is quite 
good. Note that the eighty-six vane configuration is predicted to have a cut-on BPF tone (from both 
rotor-stator interaction and rotor-alone noise) at 76% speed and above, and this is reflected in the mea- 
sured trends. 
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Figure 102. Predicted vs. Measured Tone PPWL vs. Spacing Trends at 63% N F . 


It was mentioned previously in Section 7 that the all duct average SPL was a dose approximation to 
the PWL because of the annulus area and conversion factor magnitudes involved, provided convective 
terms in the estimation of PWL from SPL were neglected. It. therefore, seems reasonable to attempt 
to compare measured duct average SPL versus spacing trends obtained from the aft duct probe with 
predicted aft radiation tone PWL versus spacing trends. Figure 106 shows the predicted (PWL) and 
measured (average SPL) tone levels versus spacing trends for the aft duct at 54% speed. The predicted 
BPF tones (forty-eight vane configurations) were so much higher (approximately 135 to 140 dB, see 
Tables 3 through 6) than the measured ones that they had to be omitted from the tigurc. Also, some 
of the predicted 2X BPF tone levels at the closer spacings had to be omitted from the figure for the 
same reason. The agreement between predicted and measured 3X BPF tone levels is relatively good, 
both in magnitude and trend with spacing and vane number. 
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Figure 103. Predicted vs. Measured Tone PPWL vs. Spacing Trends at 69% N F . 


duct . t0ne ,evel r ersus spacin S ‘rend comparisons are shown in Figures 107 and 108 for 

fued lor BPF ‘°" e lev «' s too high and had to e om 

l 1 , " ? lit , spee , d companso " on F'gure 108. The agreement between prediction and measure- 
« I <p X BP init e V S r ', 0cr exCepl ,or lhe e «8tity-six vane data at 69% speed where the agreement 

bpf ievd — »«>* « wj; 

In reviewing all lhe prediction versus measurement comparisons shown in Figures 101 ihroueh 108 

,he P red ’v'lion model does a reasonahie ,ob „r predt-iing TStoZ 
tone levels considering the simplicity and approximate nature of the model, the assumptions and an. 
proximations that were made regarding aerodynamic input to the model. Unsatisfactory agreement was 

™ , ° r , eXhaUSt ‘ 0ne leVe,S ‘ parlly because ot ' uncertainty in the data leve rsu t ng from me 

surement mstrumeniaiton. data reduction, and the data analysis methods employed. 
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Figure 104. Predicted vs. Measured Tone PPWL vs. Spacing Trends at 75% Np. 


One consistent trend in the measurements not simulated by the prediction procedure, however, is 
the tendency for the lone level versus spacing characteristic to level out above a spacing ( s/c^ ) of 
about 1.5. The inability of the model to predict this trend can be due to at least three effects. First, 
the tone levels tend to approach the broadband noise flow level at large spacings so that any reduction 
in tone level below the broadband level cannot be observed. Second, the aerodynamic characteristics 
(vector diagrams, Mach number levels, etc.) may be significantly different from those estimated (based 
on the traverse data) for the largest spacings, since the traverse data was obtained for the closest spac- 
ing (6|, Referring to Figures 7 and 8, it is seen that the flow path geometry from s/c R - 0.5 to 
s/Cff « 2.3 changes quite significantly and this may impact the radial distribution of flow properties at 
the stator leading edge. A third source of this discrepancy is postulated to be an inadequate modeling 
of the rotor wake behavior in large spacings. The Kemp-Sears model employed [8] does not take into 
account the merging of adjacent wakes at large spacings and the exponential (Gaussian profile) nature 
of the wake shape used forces rapid falloff of the wake gust harmonic coefficients (and hence noise lev- 
el) at large axial spacings. As a final note, it is possible that another source of fan tones (inflow distur- 
bances?) is creating a '‘floor" to the tone levels so that further increases in axial spacing would have 
little or no effect. 
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Section 10 


CONCLUSIONS 


Based on the results obtained from the combined experimental/analytical program documented in 
the preceding sections, several conclusions were drawn. First, for subsonic tip speeds, the inlet arc fan 
harmonic tone level spectrum shape depends on both vane number and spacing. For the high 
( N v /N b =2) vane/blade ratio and close spacings, the third harmonic tone is higher in level than the 
second harmonic level. As spacing is increased, the higher harmonic tones drop more rapidly, shifting 
the spectrum peak to the second harmonic. For vane/blade ratios of about unity, the second harmonic 
tone dominates the spectrum at small spacings. Again as spacing is increased, the higher harmonics fall 
off more rapidly and the spectrum peak shifts to the first harmonic. These trends are qualitatively 
predicted by the theoretical model described herein, suggesting that the analytical model contains the 
correct physical mechanisms for predicting fan tone noise. 

At supersonic tip speeds, the rotor-alone noise field generation dominates the forward radiated tone 
spectrum and spacing, and vane/blade ratio effects are minimal. In the aft duct, the effects of axial 
spacing and vane number are still evident, although not as strongly as for subsonic tip speeds. For a 
cut-off design (e.g., eighty-six vane configuration tested herein), the blade passing tone is not sensitive 
to axial spacing at speeds below the cut-off speed. Once the cut-off speed is exceeded, however, the 
BPF tone depends on spacing for the aft radiated noise. The forward radiated BPF tone does not, how- 
ever, depend on spacing for the aft radiated noise because of the presence of a predominant rotor-alone 
field. 

The blade passing tone for a cut-on fan design (e.g., the forty-eight vane configurations tested 
herein) is not nearly as sensitive to changes in spacing as the second and higher harmonics. Because of 
this, much larger spacings may be required to achieve noise levels equivalent to those of a cut-off 
design. This tradeoff is a function of the vane/blade ratios involved since the vane/blade ratio deter- 
mines the number (and radiation efficiency) of spinning modes contributing to the tones and, there- 
fore, their relative levels for a given spacing. 

The effects of spacing and vane/blade ratio are not as dramatic on a one-third octave basis, since the 
higher harmonic tones become a small contributor to the one-third octave bands because of the wide 
band widths. The effect of spacing on tone level, i.e., falloff rate, becomes larger with increasing har- 
monic number. Since the tone contribution to the one-third octave band diminishes with increasing 
harmonic number, the net effect on the one-third octave spectrum is diminished. 

The utilization of an inflow turbulence control screen (TCS) has permitted the measurement and 
detection of changes in the '‘internal’ 1 noise sources. Some residual inflow turbulence and/or distortion 
is still present and can produce residual BPF tones for a cut-off design as well as set a “floor” for the 
tone levels at large spacings. These conclusions are based on the observed insensitivity of forward radi- 
ated tone levels to spacing once the spacing exceeds approximately 1.5 chords and the evidence of low 
order (1 through 20 per rev) rotor excitation from the blade-mounted transducer measurements. 

The directivity patterns of the fan tones, on a narrowband basis, are highly lobular, and the precise 
positions of the lobes are sensitive to speed. The measurement of tone directivities with discrete micro- 
phones every 10° is probably not sufficient to truly “capture” the tone directivity characteristics and the 
changes in these characteristics with speed, spacing, vane/blade ratio, etc. A traversing microphone 
would have provided better estimates of the actual characteristics. 

The aft duct probe measurements reported herein have yielded encouraging results and the trends 
deduced from these measurements supported the trends observed from the forward arc for field mea- 
surements as well as having indicated some interesting differences between forward and aft radiated 
tone noise behavior. The two-immersion sampling method employed herein was, however, inadequate 
to provide more than qualitative trends. It may be possible, however, to obtain reasonably accurate 
quantitative trends if a continuous traverse of the aft duct probe were employed. 
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Section 11 


RECOMMENDATIONS 


From the results obtained in this program, and from the conclusions drawn from these results, 
several recommendations can be made regarding future activity in the present area of investigation. 
First, it would be useful to extend the present narrowband analysis of the far field microphone data to 
include the 6 — 0° , 10°, 20°, 70°, 80°, 100°, and 110° spectra at the higher speeds (above 54%) and 
both throttle settings. This would provide more accurate estimates of tone power levels for use in 
correlating with spacing, vane/blade ratio, and operating condition and would remove some of the un- 
certainty associated with the use of partial power level (30° — 60°) employed in the present study corre- 
lations. The uncertainties are largest for those tones that contain modes having small spinning lobe 
numbers such that the peak noise angle is less than 30 e , and for modes having a large spinning mode 
number (near cut-off) such that the peak noise angle is greater than 60°. 

A second recommendation worth considering is that detailed flow held measurements should be car- 
ried out on the configurations tested acoustically herein. These measurements should include radial 
rake (or traverse) measurements of total pressure, temperature, and flow angle at the rotor leading edge 
and trailing edge stations and arc rake measurements behind the stator at several radial immersions. 
An axisymmetric flow streamline analysis should then be carried out using the radial profile measure- 
ments as input, to construct the inlet and e 'it vector diagrams for each blade row at the speeds and 
throttle settings tested acoustically. This information would remove the uncertainty in the analytical 
model predictions associated with the input aerodynamic data since this input involved a considerable 
amount of interpolation, extrapolation, and “educated guessing’' for the study reported herein. 

A third recommendation to be made, which can be done in combination with the second, is that 
rotor-wake profile measurements should be made using hot wire probes. These measurements could 
provide information for correlating the acoustic results with the aerodynamics of the rotor wakes and 
also could provide necessary and scarce information for developing an improved model of rotor wake 
behavior. It is currently thought that much of the disagreement between model prediction and mea- 
surements observed in the present study is a result of an inadequate model of rotor wake behavior, es- 
pecially at- very small and very large distances from the rotor trailing edge. 

A fourth recommendation to be made is that a more refined, analytical model of blade row potential 
field interactions should be developed. The current model employed for the present study is based on 
thin, small-camber airfoil approximations with the loading field concentrated at the point, usually the 
one-quarter chord point. It is known that hub sections of fan rotors have considerable camber and 
thickness; their loadings are distributed over most of the blade chord; thus they have a much greater 
potential field influence on a downstream stator than is currently predicted with the present technique. 
Similarly, the stator potential fields probably have a larger influence on the rotor than the present analy- 
sis predicts. This is suggested by the strong eighty-six per rev signal observed on the blade-mounted 
transducer at sJc R - 0.5. 

Finally, it is recommended that the acoustic tests be repeated with the fan turned around so that the 
aft radiated noise can be measured in the anechoic chamber with the far field microphones. This would 
provide aft radiated noise data to complement the forward radiated data base and would remove some 
of the uncertainty associated with proper interpretation of aft duct probe data. The aft duct probe mea- 
surements could be taken simultaneously, preferably as a continuous traverse from tip to hub, and 
these results could then be calibrated against the far held results. If such a calibration proves success- 
ful, future fan noise tests and experiments could employ (a verified) aft duct probe measurement for 
obtaining aft-radiated PWL spectra when only forward mode test operation is feasible. 

Although some of the above recommendations are ambitious, the acoustic data bank established in 
the present program represents one of the few sets (if not the only set) of high tip speed design fan 
parametric noise data available, which is applicable to modern high bypass turbofan designs. These 




recommendations are designed to “complete the picture 1 ’ and to remove some of the uncertainties 
identified in the present study. These recommendations also aim at extending and verifying our present 
understanding of fan noise generation mechanisms through an intimate linkage with a logical prediction 
procedure — a procedure that shows much promise. 
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NOMENCLATURE 


A - area 

\ ann - annulus area 

A s \ - annulus area associated with a given streamline 
BPF - blade passage frequency 

C {) - speed of sound 

C R - rotor chord 

- rotor drag coefficient 

F,* - unstead lift force on blade or vane associated with mode m 

o- - frequency, Hz 

I* - acoustic intensity generated at mode m radiated upstream (4) and 
downstream (— ) 

K 2, 1C3, K4, K5, K6 - kulite sensor designations, see Figure 6 

M„ - axial Mach number 

M e - effective Mach number Mt/V l-.ty? 

M f - rotor blade transverse (wheel speed) Mach number 

M* - rotor exit swirl Mach number, ©M, 

m - circumferential (spinning) mode number 

N B - number of rotor blades 

N r - number of stator vanes 

n - blade passage frequency harmonic number 

P/? - fan stage total pressure ratio 

PPWL - sound power level, re: 10~ 13 watts (summation of acoustic 
intensity from © — 30° to 60°) 

S - axial spacing between rotor trailing edge and stator leading edge 

V - velocity of flow relative to noise producing blade row 

uij, - fan inlet corrected flow (corrected to standard day 

59°F inlet temperature, 14.696 psia inlet pressure dry air). Ib/sec 

1 3 - Mach number parameter Vl-A/ 2 

y R - rotor blade stagger angle, deg. 

y s • stator vane stagger angle, deg. 

7) ± - fan duct modal radiation efficiency in the upstream 

( + ) and downstream (-) directions 
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far field observer angle from fan inlet centerline, degrees; 
also used for fan rotor work coefficient, in Scwiion 8 

source excitation radian frequency, rad/sec 

ambient air density 

rotor cascade solidity 

stator cascade solidity 

.rotor radian frequency, 211 (RPM)/60, rad/sec 
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Appendix A 

DETAILS OF ROTOR-STATOR INTERACTION NOISE PREDICTION PROCEDURE 


The acoustic intensity radiated upstream and downstream of a blade row clement in the two- 
dimensional cascade approximation is given by 


/«* 


2p 0 C 


Vm 


(A -1) 


where l„ is the upstream-radiated intensity and is the downstream-radiated intensity. 

Also, p 0 — ambient density in duct. 

C 0 - ambient speed of sound in duct. 

F m - unsteady blade force per unit annulus area for the m circumferential mode. 

r)m “ duct radiation efficiency (t)Z, for upstream, t/„ for downstream) for the m th circum- 
ferential mode. 


The expressions for n* as a function of n, B, K, M„ M a and M > are given by Equations (22-28) of 
Reference [10]. They are as follows: 


^i 2 


— Mgi + frt/Vm 2 + fc] 2 

1 — (— k\M a \ + mM y \)l (nBM,) 


(A-2) 


V m 




M a l + k V-\/ in* + kl 
1 — ( k 2 Mg 2 + mMy})! ( nBM,) 


(A-3) 


where M ai 
M a2 
A/,, 

M, 

B 


n 


upstream axial Mach number 
downstream axial Mach number 
upstream absolute swirl Mach number 
downstream absolute swirl Mach number 
blade speed (swirl) Mach number 
number of rotor blades N B 
blade-passing frequency harmonic number 


The coefficients A , and A : are the normalized acoustic pressure amplitude functions for upstream (A { ) 
and downstream (A 2 ) radiation, respectively. The term in brackets in Equations (A-2, A-3) above 
represents the conversion from acoustic pressure amplitude to acoustic intensity, accounting for flow 
convection effects. The coefficients A\ and A 2 represent the conversion from unsteady lift energy to 
acoustic pressure amplitude. The grouping {nBM,) in Equations (A-2, A-3) represents the non- 
dimensional acoustic frequency at which the sound is being radiated. 

Expressions for A\ and A 2 are given in Reference [10] as follows: 

A t - "2) [^lAj cos f + m (1 - Ml 2 ) kik 2 sin f] (A-4) 

A 2 — [- k 2 At COS ( + m (1 - Mh ) k\k 2 sin 

D - (1 - Ml 2 ) k 2 A, + (1 - Mh ) ki A 2 (A-5) 


A-A-l 


where k^ k^, Ai and A 2 are defined as follows: 


Ai-X?“ « 2 

(A -6) 

Aj-x 2 2 “ m 2 

(A-7) 

k i-Jf Ki X , + 

(A-8) 

k 2 - jjl- M a2 x 2 + (xi—frWY A ) 

(A-9) 

and 


X\ * ( nBM ( ) — mMyl 

(A-10) 

X2 “ (nBM,) - mM y 2 

A - VI - 
Pi “ Vl “ 

(A-l 1) 
(A-12) 
(A-13) 

The mode number m is given by 


m- nB - kV 

(A- 14) 


where B and V are blade and vane number, respectively, and k is an integer. The angle ( is the angle 
the unsteady lift vector makes with the upstream axial direction. The unsteady lift vector is assumed to 
be normal to the mean flow direction. 

Equations (A-l) through (A- 14) are used to compute the spanwise distribution of acoustic intensity 
of a given acoustic mode produced by a given spanwise distribution of unsteady blade force F m . The 
parameters M„, M„ M y , £ are functions of spanwise position or radius. The parameters k\ and k 2 
given by Equations (A-8) and (A-9) are the upstream and downstream axial wave numbers, respective- 
ly. The determination of propagating modes m is governed by whether the term (x,~ Pim 2 ) A in 
Equation (A-8) and/or (* 2 - /3 2 2 m 2 )' A in Equation (A-9) have positive roots, such that k\ and/or k 2 are 
always real. 

Ti/>* unsteady blade force per unit annulus area F m is a function of the interaction mechanism pro- 
ducing it as well as the various operating parameters listed above. The unsteady force F m is related to 
the unsteady vane lift force per unit span L \ by 

Fm Jl 1 (A- 15) 

2 wr 

if the stator is the source; and to unsteady blade force V b by 

r _ HE* (A-16) 

Fm 2nr 

if the rotor is the source (stator potential field-rotor interaction). The unsteady lift per unit span is 
evaluated using the unsteady gust models of Kemp and Sears (7,8), as modified for compressibility by 
Osborne 19). The following paragraphs list the equations used to compute L' B or IV for the various 
rotor-stator interaction sources. 
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1. STATOR POTENTIAL FIELD-ROTOR INTERACTION 

For this interaction, the rotor is the source and Equation (A* 16) applies. The unsteady lift on the 
rotor blade section, L' B , is given by the general expression. 

L' a - -zr^r- U - (1 - Ps) <?"* cos *] G k K L (A-17) 

‘ RPR 


where 


L r — rotor blade steady lift, 
r R - rotor blade steady circulation, 

T 5 - stator vane steady circulation, 

- rotor compressibility factor -J\ — M$ 
Ps “ stator compressibility factor -J\ — M% 


X - ocr + as 

Mr “ Vr/C 0 < rotor average relative Mach No. 

M s - I's/C',,. stator average absolute Mach No. 
a r — rotor average relative flow angle 
a s ■» stator average absolute flow angle 


The parameter G k defines the stator load-induced pressure field harmonic amplitude as seen by the ro- 
tor. The parameter K L defines the unsteady lift response function of the rotor blade- section. These 
functions ( G k and K L ) are complex functions of Mach number Mr and M s , and of blade and vane 
solidities and stagger angles. Expressions for these functions are given in Reference 19], and also in 
Appendix II of Reference [17]. 


2. ROTOR POTENTIAL FIELD-STATOR INTERACTION 

For this interaction, the stator is the source, and Equation (A- 15) applies. The stator vane unsteady 
lift is given by the general expression 

l'v - — j [1 - (1 - Hr) e n cos xl G n K l (A-18) 


All terms in Equation (A-18) are as defined following Equation (A-17). The function G„ is now the 
rotor load-induced pressure field harmonic amplitude as seen by the stator. Also, K L now defines the 
unsteady lift response function of the stator vane section. Expressions for these functions are given in 
Reference [9] and Appendix II of Reference (17], 


3. ROTOR VORTEX-STATOR INTERACTION 


For this interaction, the stator loading-induced pressure field excites the upstream rotor, producing 
an unsteady lift on the rotor. The unsteady rotor lift produces shed voracity which convects down- 
stream as a “gust." This "gust" excites unsteady lift on the stator vanes, and the stator is again the 
source. An expression for this unsteady stator vane lift was derived from the analysis of Reference [7], 
and is of the following form: 
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(A- 19) 


where 
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(A-20) 
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N k - \J(kK R )\\S(km R )\\S{n<o s )\\Hi\ (A-21) 

0* - 1 + [(cos x - O/sin x) 2 (A-22) 

t k -<T R (V/B)(2b/C R ) (A-23) 

The function is a complex Bessel functions summation, given in Reference [7), involving the aero- 
dynamic loading characteristics (i.e., stagger, camber, angle-of-attack) of the stator vane airfoil section. 
The functions S{ku r ) and S(rua s ) are convected-gust “Sears functions,” Reference [81, and J(k\ R ) 
is defined as 

J (k\ R ) - y 0 (kk R ) - a/, (ArX*) (A-24) 

where Jq and J\ are Bessel functions. The parameter is given by 

\ R - 7 tn<r R ( V/B) exp [- i (ir/2 - a*)] (A-25) 

The parameters a R and <t s are the rotor and stator cascade solidities (chord/ spacing) , respectively, b is 
the rotor-to-stator midchord-to-midchord axial spacing, and C R is the rotor chord. Note that only the 
amplitude of L‘ v is given by Equation (A-19); it is assumed that the individual sources act independent 
of each other, and the relative phasing between sources is neglected. 

4. ROTOR. WAKE-STATOR INTERACTION 

For this interaction, the rotor wake velocity profile is seen as a convected gust by the downstream 
stator cascade. The unsteady lift on the stator vane is calculated using the expressions given in Refer- 
ences [8,9, 17). The calculation is of the following form: 

L'l -jpVi C s G n T n (A-26) 


where 


C s *» stator vane chord 

G n - rotor wake gust amplitude 


T n - stator vane unsteady lift response 
The wake gust amplitude is given in Reference [8] by the following: 
G n - ^-i^expC-^rV/A 2 ) 

K Vs 


where 

K — J~n cos <xr 
and 

d R - Cr/(tr rotor blade spacing 
Y - wake half-width 
u c - wake centerline velocity defect 


(A-27) 


(A-28) 
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The expressions for wake half-width Y and velocity defect u< given in Reference [8] are as follows, in 
terms of distance X' downstream of the wake effective origin in the wake streamwise direction: 


Y- (0.68/V2) C R (2 C DR X'/C R Y h (A-29) 

u c - 2.42 V R yfC^/(2X'/C R + 0.3) (A-30) 

where C DR - rotor blade section profile drag coefficient. Alternative expressions for Y and u c are 
given in Reference [13], and these were found to give better agreement with experiment in terms of 
predicting wake gust harmonic spectra. These expressions are as follows: 

Y - &’/(u c /V k ) (A-31) 

«c- 2V r / y/U Wc^c^) + 4.0 (A-32) 

where 

8 = y C r Cd [1 + 2.0 exp (—0.16 XJ C R Ca R )] (A-33) 


Here, 8 ’ is the wake displacement thickness, and X, is the streamwise distance downstream of the rotor 
blade trailing edge, X, - X' - 0.8 C R . The wake effective origin for the Kemp and Sears model, 
Equations (A-27) and-(A-28) is located at 30% of the rotor chord upstream of the trailing edge. 

5. TRANSMISSION LOSS THROUGH THE ROTOR 

For all the stator source mechanisms, the upstream-radiated acoustic modes must propagate through 
the upstream rotor before radiating from the inlet duct. An estimate of the pressure amplitude 
transmission loss is made for each computed spinning mode which propagates upstream. A two- 
dimensional (high-radius-ratio approximation) model based on actuator-disk theory is employed. The 
model accounts for rotor loading through the specification of swirl coefficient 0. Transmission loss is 
computed for each spinning mode which contributes to each tone separately, since the transmission loss 
is a function of mode number. At each spanwise location, the calculated upstream-radiated source lev- 
els are adjusted for transmission loss for each mode. The mode levels are then summed for each tone 
harmonic. 

The actuator disk model employs conservation of mass and momentum across a blade row, as well 
as specifying a Kutta condition at the blade row trailing edge. For simplicity, a circumferentially con- 
stant rotor exit relative flow angle is assumed as the Kutta condition. This results in three equations 
to solve for three unknowns: (1) transmission coefficient T, (2) reflection coefficient R , and (3) vorti- 
city wave amplitude V. For an upstream propagating incident wave, incident upon a rotor with down- 
stream swirl Mach number My and no upstream swirl, the equations for calculating T are as follows: 

a, R + b, T + c, V - df (A-34) 


where 

a 1 — M„ - cos 0 R 

a 2 « 1 - M R2 cos ( 0 R + 0 2 ) 

a 3 - sin (/3 2 + 0 R ) 

b\ » M a — cos 9r 

b 2 - 1 - M rx cos (0 T - 0i) 

63-O 

c, - - 1 


A-A-5 




© 


Ci m - (cos fi 2 - ( kjk y ) sin p 2 ] M R2 
C 3 - ( kjky ) cos fa + sin p 2 

d\ — M a — cos 9, 

d 2 - 1 - M R2 cos (9 t — p 2 ) 

d 2 - - sin (9 1 - p 2 ) 

The above equations are for equal axial Mach number, density and speed of sound upstream and down- 
stream of the rotor. Equations (A-32) can be solved for R, T, and V by matrix inversion techniques 
or by direct substitution. The incident wave angle 9i is related to spinning mode number m, frequency 
parameters (ij — nBM, — mM y ) and axial and swirl Mach numbers M a and M y by the following equa- 
tion. 


-r,- M a vV ~ m 2 (l- M 2 ) 

sin 9, - m 5 7—7 

■q 2 + m 2 M; 


(A-35) 


The reflected wave angle 9 R and transmitted wave angle 6 T are then calculated from the following 
equations: 

0 - M a 2 ) sin 9, 


tan 9 r - 


(1 + M}) cos 9 1 — 2 M a 

G[Mg - Vl - G 2 (1 - Mf)) 
G 2 — 1 


(A-36) 


(A-37) 


where 


1 - M a cos 9 1 - M y sin 9, 

The axial-to-tangential wave number ratio kjk v is given by 
kjky - -(1 - M a cos 9,)/(M a sin 9,) 


(A-38) 


(A-39) 


A sketch of the relevant parameters and nomenclature is shown in Figure 109. Note that the transmit- 
ted acoustic pressure amplitude P R and reflected pressure amplitude P R are related to incident pressure 
amplitude P , by the following: 

P T - TP, , P R - RP, 
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Figure 109. Parameters and Nomenclature for Rotor Transmission Loss Model Described 
in Appendix A. 
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Appendix C 

TRACKING FILTER TONE ANALYSIS RESULTS 


Fig. 

Run 

Rdg. 

Ny 
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Run Type 
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Cl 

9 

67 

86 

0.5 

Accel. 
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86 
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3 

C4 
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C7 

11 

55 
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